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Scientific Abstract 
 
Diamond is potentially the ultimate material for a vast range of optical and quantum-
computing applications. Diamond has been shown to exhibit a large inventory of 
optically active centres, related to the vibrational and electronic states of impurities and 
defects in the crystal lattice. Nitrogen vacancy (NV) centres in diamond have distinct 
promise as solid-state qubits (the quantum equivalent of digital bits), and as a source of 
single photons, all at room-temperature. 
 
Fabrication of diamond-based optical and photonic devices requires both a good 
knowledge of its optical properties, and the ability to manipulate them to enable 
diamond to be used in various kinds of optical cavities. The purpose of this thesis is to 
determine how the optical properties of ion-implanted diamond depend on the ion 
implantation fluence. 
 
Optical micro-waveguides with a stepped or graded refractive index profile are of 
fundamental importance to integrated optics. This thesis also presents a study into the 
practicality of fabricating optical waveguides in bulk diamond by way of ion 
implantation. The induced structural modifications result in a change of the refractive 
index. The main purpose of these waveguides would be the transport of light into, out 
from and around diamond-based quantum devices and other photonic devices.  
 
The values of the optical constants of pristine diamond (i.e. refractive index and 
extinction coefficient) are well documented over a large spectral range. However, the 
effects of ion implantation on these properties are less well understood. In particular, 
there is confusion in the literature about the role of ion species, especially heavy versus 
light ion damage, and fluence in the modification of the optical and electrical properties 
of diamond. An up to date review of published literature showed that the variation of 
refractive index of single-crystal diamond as a function of induced structural defects has 
been investigated in only a limited number of works. Most reports are restricted by 
either the photon energy range, or the range of ion fluences. Only two report on 
reduction of the refractive index of diamond due to implantation. 
 
This disagreement between the previous studies would suggest qualitatively different 
mechanisms for ion-beam modification, at least in the low fluence range. This thesis 
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supports the observation of the lowering of refractive index by low-fluence heavy-ion 
bombardment. The results show that there exists a region of implantation fluences in 
which the refractive index of the implanted layer is lower than that of pristine diamond, 
while the absorption coefficient is still low enough to enable fabrication of efficient 
waveguides. Thus, ion implantation can be used as a method to manipulate the optical 
parameters of diamond in a desired manner. 
 
The achieved reduction in the refractive index, n, at 1.95 eV (637 nm NV- ZPL 
emission) was ∆n ≈ -0.06; typically waveguides have  ∆n ≈ -0.003. The measured 
extinction coefficient, k, was 0.037 (α ≈ 7×103 cm-1). The physical size of photonic 
components is largely influenced by the refractive index contrast between the two 
materials; a large refractive index contrast allows the size of the guiding region to be 
reduced. However, diamond/air structures need to be very small in order to maintain 
single-mode propagation; they are inherently fragile. 
 
The smaller refractive index contrast achieved in this work permits the structures to be 
larger, and hence mechanically sound, whilst still providing structures that are useful in 
micro-photonics. Furthermore, the larger than nominal attenuation in the cladding 
region is inconsequential, due to the required operational lengths of the waveguides. 
Following verification of the hypothesis that there is indeed a refractive index change in 
ion-implanted diamond, simulations of possible waveguides that could be made by ion 
implantation were investigated using optical mode simulation software. From this 
information, methods of creating physical waveguide structures were proposed. 
 
Measurements have been performed by spectral ellipsometry, white light reflectance 
and spectral transmittance. Additionally, the electrical conductivity (DC) and the ion-
induced surface swelling have also been measured to provide insight into the physical 
processes involved in ion implantation into single-crystal diamond. Due to the physical 
nature of ion implantation, the measurements are conducted near the theoretical limits 
of the measurement techniques; care is taken to ensure the accuracy of the data. The 
optical measurements all show quantitative agreement with each other. Furthermore, a 
consistent qualitative relation is shown between the optical measurements and the DC 
resistivity measurements, which are comparable with previous conductivity 
measurements in diamond implanted with heavy ions. 
 
xiv 
It has been suggested that the anomalous behaviour in the direction of the refractive 
index change may be due to chemical processes within the diamond upon implantation 
with heavy ions; light ions, i.e. hydrogen and helium, on the other hand do not react 
chemically with diamond in a favourable manner. It is the claim of this thesis that the 
influence of the extrinsic atoms is negligible compared to the structural modifications 
that occur upon ion implantation. Furthermore, the proposal is that the lattice-induced 
pressure is the responsible mechanism that inhibits the decrease of the refractive index 
under high energy light-ion implantation. The conclusion reached is that the behaviour 
of the refractive index can be completely understood in terms of physical properties; 
namely material density, dangling-bond density, electric polarisability and electrical 
conductivity. The magnitude of these effects is highly dependent on the ion fluence; 
their individual contributions vary depending on the amount of lattice damage. 
 
The information contained within this thesis provides a feasible foundation for the 
production of waveguides and cavities, as the refractive index changes needed for 
ultrahigh-Q cavities, with Q ≈ 107, are well within what can be achieved with ∆n ≈ 0.02. 
These waveguides and cavities are considered critical components in the realisation of a 
room-temperature scalable quantum computer. 
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Executive Summary † 
 
Diamond is gaining rapid importance as a material for quantum communications and 
quantum information processing. Diamond can be micromachined by using ion beam 
assisted lift-off techniques to create three dimensional structures such as waveguides, 
mirrors, and cantilevers. The use of multiple implantation energies allows for even 
greater flexibility, including the production of single-crystal membranes of thickness 
200nm. 
 
The aforementioned approach uses ion beam irradiation and subsequent etching to 
physically sculpt structures into monolithic single-crystal diamond plates. An 
alternative approach, particularly suited for the fabrication of ridge waveguides in 
diamond, is the use of relatively low-fluence ion implantation to locally change the 
refractive index of the diamond. Such an approach has been used to fabricate optical 
waveguides in a range of important optoelectronic devices such as YAG, LiNbO3, 
Al2O3, and SiO2 with high optical homogeneity and surface quality. For single-mode 
operation, the dispersion characteristics and the cut-off wavelength of an optical 
waveguide are principally determined by the refractive index profile. In particular the 
difference in refractive index between core and cladding is an essential input parameter 
in the design of the waveguide shape and dimensions. 
 
Thus in order to optimise the functionality of diamond waveguides, knowledge of the 
refractive index is a priority. Surprisingly, the study of how the refractive index of 
diamond changes as a function of ion irradiation is largely unexplored. This thesis 
presents a detailed analysis of how the refractive index of single-crystal diamond is 
modified by ion implantation. Low-energy, heavy ions create a thin (20 nm) uniform 
layer of modified material on top of unmodified diamond. The real and imaginary parts 
of the refractive index are derived from spectroscopic ellipsometry as well as 
transmission and reflection spectra. The implanted areas were also studied for their 
electrical properties, while the structural state was investigated by Raman spectroscopy. 
Ion implantation is found to produce changes in the properties of diamond that are very 
strongly dependent on proportion of nuclear damage introduced into the lattice. The 
refractive index changes have been used to model the expected performance of diamond 
waveguides in which the cladding region is created by low-dose ion irradiation. 
                                                 
†
 Intended for non-expert reader (< 360 words). 
  
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
We are at the very beginning of time for the human race. It is not unreasonable  
that we grapple with problems. But there are tens of thousands of years in the future. 
Our responsibility is to do what we can, learn what we can, improve the solutions,  
and pass them on. 
 
 Richard P. Feynman 
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Many of the true breakthroughs in technology have resulted from a deeper 
understanding of the properties of materials. It has been established that diamond is a 
very promising material for the fabrication of quantum (Greentree et al. 2006a) and 
opto-electronic devices (Tomljenovic-Hanic et al. 2006a). The usefulness of such 
devices will most certainly depend on their ability to interact optically with their 
surrounds. Optical micro-waveguides offer a way of connecting to these devices; they 
are designed to channel light on a micron scale, and can be embedded directly into the 
bulk of a quantum device. A method of fabricating waveguides in diamond by ion 
implantation, whereby the refractive index of the diamond is altered, is proposed here. 
 
This thesis presents the opto-electrical response of ion-implanted single-crystal 
diamond. Measurements of the ion-induced material swelling and also the electrical 
conductivity aid in the discussion to understand the behaviour of the complex refractive 
index of ion-implanted diamond in the visible and near visible optical regions of the 
electro-magnetic spectrum, i.e. (200-1700 nm). Gallium-implanted diamond has been 
studied in this optical domain in order to extract the refractive indices and extinction 
coefficients of diamond modified by ion implantation for the purpose of creating 
photonic structures. These interactions manifest themselves in terms of altered 
transmittance and reflectance and thus can be measured and quantified. 
 
              
FIGURE 1.0: Gem quality natural diamonds in all their brilliance, cut and polished to perfection, 
and right; the Sumicrystal™ Synthetic Single-Crystal Diamonds used in this work. 
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1.1 Overview 
Diamond has been shown to exhibit a large inventory of optically active centres, related 
to the vibrational and electronic states of impurities and defects in the crystal lattice 
(Zaitsev 2001). Nitrogen vacancy (NV) centres in diamond have distinct promise as 
solid-state qubits (the quantum equivalent of digital bits). This is because of their large 
dipole moment, convenient level structure and very long room-temperature coherence 
times (Waldermann et al. 2007). The NV- centre can also be used as a single-photon 
source (Beveratos et al. 2002a), emitting light in a very controlled manner at room-
temperature. 
 
Capturing this light will have far reaching implications for quantum communication 
(Davies 1977) and quantum cryptography (Beveratos et al. 2002b). The emitted photon 
would first need to be contained within a resonant optical cavity and then extracted 
though a waveguide. Both of these photonic structures obviously need to be 
incorporated into the diamond around the NV centre, and since photonic structures 
function on the principle of an alternating arrangement of refractive indices, a method of 
modifying the diamond in a desired manner in required. Ion implantation is a promising 
method of achieving the modification of the refractive index of diamond, yet the exact 
effects of ion implantation need to be identified in order to successfully achieve the 
required performance of the photonic structure. 
 
As a bulk material, the properties of diamond are well known and understood. Diamond 
is an exceptional material. It is the hardest material; possesses the largest Young’s 
modulus, the widest optical transparency window; is an electrical insulator yet is 
thermally conductive with a high Debye temperature, and it also exhibits high chemical 
inertness. There are however not many techniques of modifying diamond due to some 
of its exceptional properties. 
 
One method of modifying diamond is by ion implantation, which alters its mechanical 
(McHargue 1986), electrical (Prawer and Kalish 1995) and optical (Prawer et al. 1995) 
properties. These properties of modified diamond have received much study; however 
the studies have yet to generate complete characterisation of the properties. The 
refractive index of diamond that has been damaged by ion implantation is one such 
property. To the best of the author’s knowledge, how the refractive index varies with 
respect to the implanted ion fluence is still largely unknown, while previous studies in 
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the area (Hines 1965; Bhatia et al. 1998; Khomich et al. 2005) have either yielded 
questionable results, or have been defined within a very narrow parameter space. 
 
It is the purpose of this work to rigorously define, over a broad spectral range, the 
relationship between the refractive index and the implanted ion fluence. The scope of 
the work covers a large range of ion fluences and relates this quantity to the 
concentration of lattice defects that arise in implanted crystalline diamond. The work 
also seeks to determine the optical effects of inherent doping by ion implantation, while 
also examining the behaviour, both structural and optical, of the implanted diamond 
upon thermal annealing. 
 
Aside from waveguides, other photonic crystal components will be required for 
quantum applications, including but not limited to, quantum control (Wiseman and 
Milburn 1993), teleportation (Bennett et al. 1993), entanglement-based frequency 
standards (Boto et al. 2000) and quantum lithography (Huelga et al. 1997), all of which 
are possible in diamond and employ the interaction with light for which photonic 
crystals may be necessary. 
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1.2 Working with Diamond 
Diamond is an extraordinary material, yet many of diamond’s favourable attributes also 
inhibit its processing and measurement. Diamond is the hardest naturally occurring 
material; possesses the largest Young’s modulus; the widest optical transparency 
window; is chemically inert; and can accommodate a large inventory of optically active 
colour centres, related to the vibrational and electronic states of impurities and defects 
in the crystal lattice. Some of these centres, notably the NV- centre, exhibit a number of 
useful room temperature quantum properties, i.e. large dipole moment, convenient level 
structure and very long coherence times. 
 
With the modern ability to synthesize high-quality diamond for optical applications, 
coupled with investigations into the ability to alter the physical/chemical properties of 
diamond by techniques such as irradiation and annealing, these advances have allowed 
engineered materials to be produced for specific applications; such as the bulk single-
crystal samples containing controlled NV centres. 
 
Diamond not only offers the single centres, but can be the basis material for photonic 
structures, including waveguides and photonic bandgap cavities, which would allow 
access and control of the optical centre within the diamond. Following the first 
detection of single NV centres using confocal microscopy (Gruber et al. 1997), 
diamonds containing the NV colour centre have shown a number of useful properties: 
demonstration of a photo-stable single-photon source at room temperature (Beveratos et 
al. 2002a), demonstration of quantum key distribution (QKD) with pulsed true single-
photon pulses (Beveratos et al. 2002b), observation of single-spin measurement and 
coherent oscillations in a solid at room temperature (Jelezko et al. 2004a), and 
demonstration of tomography of a solid-state (non-superconducting) qubit (Howard et 
al. 2006). 
 
Furthermore, such features as multiple dressed states (Greentree et al. 1999a; Wei et al. 
1999; Greentree et al. 1999b), electromagnetically induced transparency (Wei and 
Manson 1999; Wilson et al. 2003; Santori et al. 2006a), and demonstration of two-qubit 
coupling (Jelezko et al. 2004b) have also been reported. Thus, aside from a scalable 
quantum computer, these diamond based technologies are destined for central roles in 
science and technology. 
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Many of these applications are envisaged using photonic arrays or microcavities. 
Optical microcavities based on photonic crystals are almost all considered as a two-
dimensional photonic crystal slab composed of a hexagonal array of cylindrical air holes 
in a dielectric slab. The structure is periodic in the plane and finite in the vertical 
direction where it is surrounded by a low index medium, usually air. The field is 
confined by the periodic dielectric structure in the plane and by total internal reflection 
(TIR) out of the plane. 
 
To date many of the diamond based devices for use in photonic applications rely on the 
diamond/air interface (Baldwin et al. 2006), thus having a refractive index contrast, nc, 
of 2.4:1. This places many limitations on the device, especially to do with fabrication, 
although it does allow for a narrow spectral bandwidth of the device (Joannopoulos et 
al. 1997). Fabrication of these devices in diamond requires special techniques because 
of the extreme properties of diamond. Details of the fabrication limitations are briefly 
described in the following section, and expanded upon in Sections 2.2.3 and 4.1. The 
predominant reason behind the fabrication of diamond/air photonic devices is the 
limited ability to alter the properties of diamond, especially in a controlled manner. 
 
The process of ion implantation into diamond produces defects in the crystalline lattice 
(Zeigler et al. 1985). Apart from doping effects from the implanted ion, a number of 
structural defects are also formed, some of which can be optically active, but more 
importantly these defects alter the bonding arrangement of the atoms within the 
diamond; this leads to a different local electric field in the implanted region, thus 
affecting the refractive index. The delivered fluence by ion implantation can be 
controlled to a high accuracy given appropriate care is taken in its measurement. Having 
calculated the necessary fluence for the required refractive index modification, 
delivering that fluence to the desired size and location can prove difficult depending on 
the design of the photonic crystal. Details of the procedures are outlined in Chapter 3. 
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1.3 Limitations in Diamond Based Photonics 
There are many aspects to consider when designing and fabricating photonic crystals. 
Apart from knowing the refractive indices of the two structural elements, spatial 
dimensions specific to the required function of the device must be calculated. Designing 
photonic crystals however is far easier than actually fabricating them. The size of the 
repeating structures in a photonic crystals are of the order of half a wavelength, λ/2, 
while the variance in their size and location must be less than λ/10. 
 
It is important to note that the wavelengths referred to are those within the photonic 
crystal and not the free space wavelength; they are scaled by the refractive index 
contrast of the photonic crystal, λ0 = λnc, where nc is the refractive index contrast. A 
lower refractive index contrast allows for larger elements within the photonic crystal 
structure, and hence the photonic crystals are more readily fabricated. The limitations on 
element size and their dependence on the refractive index contrast are highlighted below 
using the simplest form of a photonic crystal, a Bragg grating. A Bragg grating is 
essentially a repeating stack of two alternating materials layers, each with a different 
index of refraction. 
 
A Bragg grating works as a dielectric mirror, and can be made to operate at a specific 
wavelength, λb, known as the Bragg wavelength. Given a desired wavelength, and 
knowing the refractive indices (n1 and n2) of both materials, the period, Λ, i.e. twice the 
thickness of the alternating layers, is easily calculated using the formula (Kashyap 
1999); 
 Λ= nb 2λ  or equivalently   ( )Λ+= 21 nnbλ  
where n is the average refractive index of the materials with refractive indices n1 and n2. 
 
Thus with three adjustable parameters, n1, n2 and Λ, the wavelength at which the Bragg 
grating is required to function can be readily designed. However, if the refractive 
indices are fixed, i.e. diamond-air (n1=2.4, n2=1) then the only adjustable parameter 
remaining is Λ. Moreover, returning to the limitations in fabrication, using the 
dimensions of the thinnest diamond layer produced in single-crystal diamond (Fairchild 
et al. 2007) of 180inm, the lowest operation wavelength of a diamond/air Bragg grating 
is 1220 nm. 
 
This is clearly an issue if one is interested in utilising the device within the optical 
colour spectrum, for example the emission photon at 637 nm from a NV- centre in 
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diamond, but quite acceptable for telecommunication wavelengths. While this minimum 
Bragg wavelength would only increase in the case of using a modified 
diamond/diamond stack, the limitation placed on the period is lifted as lines of only a 
few tens of nanometres can be implanted with the use of nano-apertures. 
 
Other photonic crystals will have similar constraints depending on the refractive index 
contrast. Thus to increase usefulness of diamond based photonic devices, the refractive 
index contrast must be reduced. As mentioned in the previous section, ion implantation 
into diamond offers this possibility. Limitations in spatial resolution and the 
implementation of particular photonic device designs are further addressed in Chapter 3. 
 
There are some alternative methods of fabricating photonic crystals, such as 2D/3D 
Combination Lithography, Multi-layer Lithography, 2D/3D Interference Lithography, 
Self Assembly, and Silicon-on-Sapphire Devices, which have been shown to work in 
other dielectric materials like SiO2. However not all techniques are applicable to 
diamond; their limitations are described in Chapter 2. The work focuses on the 
fabrication of a photonic crystal in diamond by ion implantation, the details of which 
are in Chapter 4. 
 
Thus it is paramount to understand the exact optical effects that ion implantation has on 
diamond in order to calculate the design specifications. More so, due to material and 
fabrication limitations, it is equally as important to determine to which applications the 
technique of optical modification by ion implantation may be suitable. This knowledge 
will justify further investigation into the field of integrated optical devices in diamond. 
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1.4 The Present Study 
Ion beam modification of diamond is a practical method for inducing a refractive index 
change in the material. By determining the relationship between the refractive index and 
the implanted ion fluence, further investigation into the options of fabricating 
waveguides in diamond are considered. The ultimate goal is to fabricate a lossless 
waveguide, capable of accomplishing the transport of light from identified colour 
centres in diamond, at the single-photon intensity level. A discussion of previous 
research in related areas is provided in Chapter 2 along with specific background 
information relating to this work. 
 
The objectives of the present study clearly raise questions as to the feasibility of 
fabricating optical waveguides in single-crystal diamond. Considerations involving not 
only the absolute values of refractive index necessary for waveguiding, but also the 
geometry, topography and other spatial aspects of waveguides are addressed. Ion 
scattering and straggling away from the principle axis of implantation leads to a 
tapering of the modified area into the pristine diamond; the optical properties at this 
boundary will differ as a result. 
 
The scattering and straggling phenomena can be modelled via Monte Carlo simulation, 
which is a useful technique for studying problems where structural changes occur in the 
target. In an attempt to minimise the perturbations around the intended implantation 
area, a wide range of waveguide fabrication methods by ion implantation were modelled 
in this study using the Monte Carlo ion transport code, TRIM (Biersack and Haggmark 
1980), the results of which are discussed in detail in Chapter 3. Included in Chapter 3 
are a series of preliminary investigations that inspired the research within this thesis. 
Additionally, research into the physical manifestations and possible chemical 
interactions, which occur during ion implantation, that are responsible for the change in 
the refractive index of diamond are studied. 
 
The experimental arrangement, described in Chapter 4, details the implantation, 
measurements and sample preparation necessary to facilitate the successful 
determination of the refractive index of ion-implanted diamond. The results and 
analysis are presented in Chapter 5 and concluded upon in Chapter 6. 
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Planar optical micro-waveguides with a stepped or graded refractive index n and three-
dimensional (channel or strip) optical micro-waveguides are of vital importance to 
integrated optics (Svechnikov 1987; Townsend 1987). The present work is a study into 
the practicality of fabricating optical waveguides in bulk diamond by inducing structural 
modifications using ion implantation, resulting in a change of the refractive index. The 
main purpose of these waveguides would be the transport of light into, out from and 
around diamond-based quantum devices and other photonic devices. 
 
The study involves the measurement of ion interactions with diamond and the extraction 
of the optical constants from the modified diamond. With knowledge of the refractive 
index of ion-implanted diamond, the possibility exists of designing and fabricating 
numerous photonic based devices in diamond, which may have far reaching effects in 
the realisation of quantum optics and quantum computing. 
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The following sections in this chapter describe the key studies being undertaken in the 
relevant areas and how they can be combined to achieve the objective of this work. This 
serves to acknowledge the various ideas of previous attempts and alternatives that exist 
for ion implantation and measurement of the optical constants of modified diamond. 
Furthermore it serves to identify their limitations and the void of knowledge that exists 
in the field of ion beam modification of the optical properties of diamond. 
 
An introduction to the relevant theories, ideas and concepts that this thesis results from, 
relies on, and is directed to, is presented in the first section. The next section describes 
the principles and advances of optical waveguides and their fabrication. Following this, 
the theoretical aspects of ion beam implantation into materials are reviewed with insight 
into applications of different ion implantation regimes. The penultimate section seeks to 
address all the prior attempts at measuring the refractive index of ion-implanted 
diamond, while also considering the various approaches in similar materials. Lastly, a 
preview of published findings that arose from specific results obtained from the work 
within this thesis is presented in the final section. 
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2.1 Contextual Knowledge 
To better understand the context to which this thesis pertains, it would be beneficial to 
review knowledge in the following three areas: the refractive index of optical materials, 
the Nitrogen-Vacancy (NV) optical colour centre in diamond, and the basic 
fundamentals of photonic crystals. Further research in these areas has not been 
undertaken as part of this thesis; the account is merely intended as supporting contextual 
information. 
 
2.1.1 The Refractive Index 
The relationships presented herein are covered in established texts, e.g. Born and 
Wolf 1964. 
 
The refractive index n is defined as the ratio of the velocity of light in free space c 
to the velocity of light in the medium v according to: 
v
c
n =  
The absorption of light by an optical medium is quantified by its absorption 
coefficient α: defined as the fraction of power absorbed per unit length of a 
medium. If light is propagating in the z direction, and the intensity (optical power 
per unit area) at position z is I(z), then the decrease of the intensity in an 
incremental slice of thickness dz is given by: 
( )zIdzdI ⋅−= α  
Upon integrating, Beer’s law is obtained: 
( ) zeIzI α−⋅= 0  
It should be noted that both parameters, n and α, are dependent on frequency, 
though typically denoted as a function of wavelength; n(λ) and α(λ). The 
implication is the same, however when radiation propagates through multiple 
media only the frequency remains constant, thus as a consequence the wavelength 
must change. For the sake for brevity, the frequency/wavelength dependence is 
usually not made explicit. 
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The refraction and absorption of the medium can also be described by a single 
quantity, the complex refractive index n~ , defined by: κinn +=~ . The real part of 
n~  is the same as the normal refractive index, i.e. { }ne ~ℜ . The relationship 
between the imaginary part of the complex refractive index, the extinction 
coefficient κ (note, the symbol κ is used exclusively in this section to distinguish 
from the complex wave vector k~ ), and the absorption coefficient α is derived as 
follows: Consider a plane wave propagating through the medium with complex 
refractive index n~  in the z direction. The electric field is given by: 
( ) )~(0,~ tzkieEtzE ω−⋅= , 
where the complex wave vector k~  is given by: 
( )
c
in
c
nk ωκω +==
~
~
 
The optical intensity of a wave is defined as: 
z
ceEEEI
κω22
0
*
−
=∝  
Comparing this expression for the intensity with Beer’s law implies: 
0
42
λ
piκκω
α ==
c
 
where λ0 is the free space wavelength of light. 
 
Alternatively the optical properties of a substance are often expressed by the 
complex dielectric function: 
21
~ εεε i+=  
For non-magnetic materials, the real and imaginary part 1ε  and 2ε are related to n 
and κ by n~ 2  = ε~  and thus: 
1ε  = n
2
 - κ2      and       2ε  = 2nκ 
Traditionally the optical properties of radio-frequency waveguides are represented 
by the complex dielectric function, whereas the optical parameters κ and n are 
used to characterise the properties of solids and optical fibres. Any standard 
optical parameters of known samples sourced from dielectric constants have been 
converted by the above means in order to facilitate comparisons to the results in 
this work. 
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Since the index of refraction and the extinction coefficient are both derived from 
the real and imaginary parts of the complex index of refraction, they are not 
independent of each other but are linked by an integral transform relationship 
known as the Kramers-Kronig relationship. 
( ) ( )( ) ωωω
ωκ
pi
ω ′
−′
′
+= ∫
∞
∞−
dn 11  
( ) ( )( ) ωωω
ω
pi
ωκ ′
−′
−′
−= ∫
∞
∞−
dn 11  
In principle this allows the determination of the index n(ω) from κ(ω) (and thus 
the absorption coefficient α) and vice versa. However, the integration limits in the 
Kramers-Kronig equations indicate that, in order to obtain reliable results data 
from a broad frequency range is required. This problem does not arise in the 
technique of ellipsometry, because the refraction and absorption are directly 
measured simultaneously, as described in Chapter 4. 
 
2.1.2 The Nitrogen-Vacancy (NV) Centre in Diamond 
The Nitrogen-Vacancy (NV) centre is one of many optical defect centres present 
in diamond; to date it is by far the most studied defect (Zaitsev 2001). In fact 
more than 500 optical centres have been reported based on the absorption and 
luminescence spectra of diamond (Field 1992). Half of them are believed to be 
impurity-related. The most common impurity in diamond is nitrogen, which can 
comprise up to 1% of a diamond by mass (Kaiser and Bond 1959). Thus no other 
impurity exhibits in diamond such a variety of optical centres as nitrogen. 
 
The NV centre consists of a nitrogen atom substituting for a carbon atom plus a 
nearest neighbour vacancy (see Figure 2.1.2.1a). A nitrogen atom has five valence 
electrons. Three of them covalently bond to the carbon atoms and two remain 
non-bonded and are called a lone pair. The vacancy has three unpaired electrons. 
Two of them make a quasi covalent bond and one remains unpaired. The vacancy 
can exist as one of two charge states; namely the negatively charged version, the 
NV− and the neutral NV0. The NV0 thus has one unpaired electron and is 
paramagnetic (Felton et al. 2008). In the negative charge state NV−, the extra 
electron is located at the vacancy site forming a spin S=1 pair with one of the 
vacancy electrons. 
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FIGURE 2.1.2.1: Diamond NV centre. (a) The Schematics of the NV lattice arrangement . (b) 
The energy levels structure of the NV- optical centre in diamond. SOURCE: 
Gaebel et al. 2006. 
 
The NV− centre has many important features which have led to dramatic quantum 
effects, most of which are not shared by the NV0, or indeed any other identified 
colour centre (Orwa et al. 2010). Primarily, it is the spin property that makes the 
NV− centre an interesting candidate for quantum applications; the NV− centre is 
the only known system allowing spin manipulation and read-out at room 
temperature (Nizovtsev et al. 2003). As such the remainder of this discussion will 
concentrate on the negatively charged version, the NV− centre, and drop the 
negative sign for the sake for brevity. 
 
Following the first detection of single NV centres using confocal microscopy 
(Gruber et al. 1997), much of the interest in the NV centre arose from its possible 
room temperature quantum applications (Greentree et al. 2006b). The 
luminescence from individual NV centres shows a remarkable photostability and 
it has been proposed as a light source for high-resolution scanning-probe 
microscopy (Kurtsiefer et al. 2000) and quantum cryptography (Martin et al. 
1999; Brouri et al. 2000). Whereas many single-molecular emitters bleach after 
emission of 106–108 photons, no bleaching is observed for the NV centres at room 
temperature (Gruber et al. 1997; Kuhn et al. 2001). 
 
It is expected (Wada 1994) that a single-photon emitter, such as the NV centre, 
when combined with scalable photonic crystal architecture will lead to room-
temperature operating quantum information processing (QIP). The first step in the 
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QIP realisation is demonstration of atom-photon interaction; single NV centre 
strongly coupled to a high-Q photonic cavity (photonic crystals are discussed later 
in this section). A summary of QIP using diamond NV centres is available as 
Appendix A. 
 
The NV centre in diamond is a strong candidate for a solid-state qubit operating at 
room temperature provided that: the base material is of sufficient purity; 
patterning and registering of individual NV centres is attainable; tuning of the 
optical output of a single NV using the Stark shift is accurately implemented; 
fabrication of waveguides and input–output mirrors in single-crystal diamond is 
achieved with sufficient fidelity; and finally that the NV centres can be coupled to 
cavities or other photonic bandgap structures. 
 
2.1.3 Photonic Crystals 
Photonic crystals (PhCs) are the optical analogues of natural crystals. They are 
periodic optical nanostructures that affect the motion of photons in a similar way 
that periodicity of the atomic lattice in a natural crystal affects the motion of 
electrons. Simply put, photonic crystals are materials patterned with a periodicity 
in refractive index, which can create a range of forbidden frequencies called a 
photonic bandgap. Photons with energies lying in the bandgap cannot propagate 
through the medium, providing the opportunity to shape and mould the flow of 
light. 
 
Photonic crystals are not exclusively man-made; four of the most recognisable 
examples of photonic crystals occurring in nature are shown in Figure 2.1.3.1. An 
inorganic geologically formed photonic crystal is the opal. The feature of the 
humble pavo cristatus (common peacock) is an example of an organic though 
non-living, photonic crystal, while the colouration of the morpho didius butterfly 
is a photonic crystal made from living tissue. Photonic crystals are common in 
insects; the shells of many beetles within the suborder polyphaga are metallic-
looking – the jewel scarab chrysina resplendens is a remarkable example. 
 
Photonic crystals are better understood by extending the electronic fundamentals 
of natural crystals to their optical counterparts. A lattice of a natural crystal is a 
periodic repetition in space of the basic building blocks of atoms and molecules; 
thus presenting an atomic potential to an electron propagating through it. Due to 
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Bragg-like diffraction from the atoms, electrons with certain energies are 
forbidden to propagate in certain directions, thus the periodic lattice introduces 
gaps into the energy band of the crystal structure. If the potential is great enough, 
propagation is forbidden in all directions, resulting in a complete bandgap; 
semiconductor crystals owe their revolutionary properties to the complete 
bandgap that lies between the valence and conduction energy bands. 
 
       
   
FIGURE 2.1.3.1: Natural photonic crystals (clockwise from top left): The iridescence of an 
opal, the familiar plumage of a peacock feather, the perceivable colouration 
of the morpho didius butterfly, and the golden brilliance of the jewel scarab 
chrysina resplendens. 
 
In photonic crystals, the periodic potential is due to a lattice of microscopic 
dielectric media instead of atoms. Given a large enough variation in the refractive 
index between the dielectric media, while also minimising the absorption in the 
material, then photonic bandgaps can arise due to scattering effects at the 
interfaces. In the photonic bandgap light at certain frequencies is forbidden to 
propagate. Thus photonic crystals can produce many of the same phenomena for 
photons as the atomic potential does for electrons. 
 
The photonic bandgap thus defines a set of frequencies for which light cannot 
propagate in the crystal; a conceptual representation is shown in Figure 2.1.3.2. 
The tunability of the bandgap, through control of the dimensions and symmetry of 
the photonic structure, provides exquisite frequency control for multiple 
wavelength information processing (or wavelength division multiplexing, WDM). 
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Various photonic crystal waveguides have been formed with deliberately 
engineered stop bands (e.g., Davanco et al., 2006; Fleming and Lin, 1999). 
 
 
FIGURE 2.1.3.2: A notional dispersion diagram for a 1D photonic crystal (multilayer film) 
showing a band gap and regions of anomalous dispersion. SOURCE: 
Joannopoulos et al. (1995). 
 
Photonic crystals can be made to be one-, two-, or three-dimensional as illustrated 
in Figure 2.1.3.3. In one dimensional PhCs, a gap occurs between every set of 
frequency bands within the Brillouin zone; at either edge and its centre. 
Furthermore, bandgaps occur for any dielectric contrast; however, the smaller the 
contrast, the smaller the gaps. 
 
 
FIGURE 2.1.3.3: Simple representations of one-, two-, and three-dimensional photonic 
crystals. The different colours denote materials with different dielectric 
constants. SOURCE: Joannopoulos et al. (1995). 
 
Scaling to two dimensions introduces greater flexibility in the design of bandgaps, 
but adds further complexity in their determination. Photonic bandgaps appear in 
the plane of periodicity, thus the propagating light mode can be separated into two 
independent polarisations, TE and TM. This in itself becomes a design feature. 
Two-dimensional photonic crystals can reflect light incident from any direction in 
the plane, whereas one-dimensional PhCs only reflect light at normal incidence. 
By altering the topography of the photonic crystal, i.e. changing shape, size 
(proportionality) and distribution of the dielectric elements, the band structure of 
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the photonic crystal is modified. Hence photonic crystals can be made to have 
bandgaps in either or both EM polarisations. 
 
When a 2D photonic crystal is fabricated on a film or membrane, the different 
dielectric constants in the vertical axis provide confinement; no different than a 
slab waveguide. Thus a confined mode can propagate through the photonic crystal 
without making the photonic crystal 3-dimensional. Nevertheless, 3-dimensional 
photonic crystals offer additional possibilities that cannot be provided in just two 
dimensions. However, in 3-dimensional PhCs complete photonic bandgaps are 
rarer; the gap must cover the entire 3D Brillouin zone, not just in one plane or 
line. Three-dimensional photonic crystals are the most accurate analogues of 
natural crystals, being able to control the flow of light in all directions. 
 
 
FIGURE 2.1.3.4: Schematic of photonic crystal slab (PCS): (a) an elemental cavity 
(Tomljenovic-Hanic 2006b); modifications of the geometry around the cavity 
as described by (b) Zhang et al (2004) and by (c) Akahane et al (2005). 
 
Theoretical design aspects aside, the physical fabrication of 3D photonic crystals 
is a non-trivial task. Although photonic crystals with a complete bandgap have 
been conceived (Ho et al. 1990) and even manufactured (Yablonovitch et al. 
1991a), in the fledgling state that photonic crystal technology currently resides, 
the majority of work has been conducted on thin-films in 2D. These have come to 
be known as photonic crystal slabs (PCS). Photonic crystals can be more than just 
mirrors or filters; the really interesting case is where the perfect translational 
symmetry of the photonic crystal is disrupted in a controlled manner. 
 
c) 
a) b) 
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These defect states were considered right from the beginning of the modern-day 
concept of photonic crystals. John (1987) alluded to these “certain disordered 
dielectric superlattices” in his 1987 paper, and Yablonovitch et al. (1991b) used 
the analogy of donor and acceptor modes in semiconductor crystals in defining 
these defect states: the disruption from symmetry providing a photonic state 
within the photonic band gap, making possible the localisation of photons. Thus it 
is possible to confine a photon mode in a resonant cavity by removing one 
element (usually of the lower dielectric) of the periodic lattice, as shown in Figure 
2.1.3.4a; the regular structure has holes of radius R, with lattice constant, a. 
 
Furthermore, the Q-factor of resonant cavities can be dramatically improved by 
slightly adjusting the photonic crystal structure around the location of the cavity; 
modifications to the holes surrounding the cavity are illustrated. Neighbouring 
holes above and below the cavity (in Figure 2.1.3.4b) have a reduced radius r, the 
air holes in the x-direction are shifted outwards by a distance d. The second 
modified cavity, indicated in Figure 2.1.3.4c, is formed by three adjacent missing 
holes; the structure is then optimised by outward shifting of the left and right air 
holes in the row next to the cavity. The original positions of the air holes are 
indicated by the dashed circles. 
 
Creating a designed extended discontinuity in the photonic crystal (removing a 
line of the lattice structure) allows for the propagation of light at forbidden 
frequencies within the volume of the discontinuity. On the top of Figure 2.1.3.5 is 
the projected band structure of TM modes for a waveguide in a square lattice of 
dielectric rods in air (see inset). The blue region contains the continuum of 
extended crystal states (allowable frequencies), while the photonic bandgap is 
shown in yellow. The red line is the band of guided modes that exist due to the 
formation of the waveguide. 
 
In such photonic crystal waveguides, some of the limiting laws of traditional 
waveguides and optical fibres are not applicable. Since photonic crystals do not 
rely on total internal reflection to contain the mode, restrictions such as the critical 
bend radius of an optical fibre (Marcuse’s Law) are irrelevant. As is shown on the 
bottom of Figure 2.1.3.5, the mode requires only a nudge in order to turn a 90˚ 
corner; a manoeuvre that would require a few centimetres in optical fibre is 
achieved within just a few microns using a photonic crystal. Such structures can 
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also be implemented in 3-dimensions, and numerous other possibilities exist for 
the control of light in photonic crystals. 
 
 
 
FIGURE 2.1.3.5: Top: The band structure of TM modes for a waveguide in a square lattice. 
Guided modes (red line) exist within the photonic bandgap (yellow). 
Bottom: The displacement field of a TM mode travelling around a sharp 
bend in the waveguide; light is coming in from the bottom and exiting at the 
left. SOURCE: Joannopoulos et al. (2008) 
 
The ultimate goal is to create an interconnected complex array of photonic 
crystals all on a single chip; a Photonic Integrated Circuit (PIC). The individual 
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photonic crystals would be connected by waveguides. If photonic crystals are to 
be realised in diamond then the fabrication of connecting waveguides will require 
some sort of modification of the bulk diamond in order to function. 
 
 
FIGURE 2.1.3.6: The “photonic micropolis”. SOURCE: Joannopoulos et al. (2008). 
 
For more information on photonic crystals, detailed and accessible reviews are 
offered by Joannopoulos et al. (2008) and also Krauss and De La Rue (1999). 
Both provide an excellent account of the physics, mathematics and diverse 
applications for photonic information technology of a multitude of photonic 
crystal designs. In closing, the picture in Figure 2.1.3.6 depicts a “photonic 
micropolis,” a rather fanciful collage of many different photonic crystal devices 
that would make a functional PIC; the term was coined by Joannopoulos in 1995. 
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2.2 Waveguide Fabrication 
Active photonic structures, such as cavities, etc., require a means for the photons to 
propagate between the adjacent components. One such possibility is optical 
waveguides, or perhaps more realistically, optical microstrip lines (Lapchuk et al. 
2005). Photonic structures rely on variations in the refractive index throughout the 
structure. This section of the chapter introduces the fundamentals; physical laws that 
govern the propagation of light through a material, the concepts of waveguiding, and 
current understanding of optical effects of ion implantation. Included are a brief 
introduction and review into successful waveguide fabrication in silicon-based materials 
by ion beam optical modification, and also a discussion of the results that have been 
achieved in diamond/air waveguiding membranes. 
 
2.2.1 Application of Ion Beams 
A waveguide is a structure that is capable of guiding waves, be it acoustical, 
electromagnetic (EM) and of course optical. With the exception of photonic-
crystal fibres, the defining characteristic of an optical waveguide is a structure 
consisting of a solid core/middle guiding region of a higher refractive index than 
its surrounding cladding layer/s. The material that is the guiding region must be 
transparent at its intended operational wavelength, and should preferably have low 
propagation and insertion losses. The most common topology is a 2-D slab 
waveguide. 
 
To meet these requirements many fabrication techniques have been developed, the 
choice of which is dependent on material and function. In the case of diamond-
based devices (diamond photonics), the material is already defined, namely 
diamond. Thus techniques must be developed to alter or modify the optical 
properties of diamond, by precise amounts in well-defined areas. A detailed 
description of the various techniques used in creating slab-waveguides is available 
at the end of this thesis under Appendix B. 
 
Ion implantation can be used as a direct write or direct modification technique, 
where the volume around the optical centre is altered; elaborate geometries and 
features can be achieved by directly modifying the optical material. Ion 
implantation is a well-established technique commonly used to modify the optical 
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properties of a material (Townsend 1987). The host material can be modified by 
ion implantation by either doping with atoms of a different species, or by altering 
the crystalline structure of the material. Ion implantation offers a unique method 
of introducing foreign particles in a material, even on a nanometre scale. 
Sequential implantation at different energies can be used to significantly enhance 
the depth distribution of the material modification. Thus, photonic structures can 
be directly written into the active layer or membrane. 
 
The use of masks to more accurately define the lithographic area, for either direct 
modification or removal, allows for novel and detailed photonic structures to be 
implemented; although currently fabrication in diamond is restricted to having a 
diamond/air interface. Similarly, for silicon photonics (and silica, arsenides, etc.), 
material/air structures are most common due to the greater ease of fabrication in 
these materials at very high spatial resolutions; small structures can afford to have 
a large refractive index contrast (see Figure 2.2.1.1.) 
 
    
FIGURE 2.2.1.1: SEM images of a passive unbalanced Mach–Zehnder interferometer using 
photonic crystal waveguides. Left: the input section of the photonic crystal 
waveguide showing the suspended silicon membrane etched with holes and 
butt-coupled to a strip waveguide. Top right: 10 x broader view of the 
photonic crystal waveguide membrane and input strip waveguide; after 
passing through a sharp 90° bend with radius R = 5 µm, the mode is widened 
in the tapered section to better match the photonic crystal slow light mode. 
Bottom right: View of the input of the Mach–Zehnder interferometer (MZI) 
with reference (left) and signal (right) arms and a compact 15° angle Y-
junction that splits the light equally between the arms. The output side of the 
optical circuit has an analogous Y-junction and is terminated by a single 
output strip waveguide SOURCE: Vlasov et al. 2005. 
 
All micro-waveguides (i.e. not optical fibres) require some form of lithography to 
spatially define the guiding region. Whether the lithographic techniques are used 
to directly write the guiding region or the cladding (for removal or modification), 
or to first lithographically define a mask, lithography offers precise localisation at 
micrometre and even nanometre scales. The implantations carried out as part of 
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this thesis for the purpose of accessing the optical properties of the modified 
material have been large and broad in area. Armed with the knowledge of the ion-
induced change in the refractive index of diamond as revealed from this thesis, ion 
beam lithography will be used exclusively for waveguide fabrication in diamond 
where a difference in refractive indices is required. 
 
Of the waveguide structures considered in Chapter 3 of this work, all but one 
could be done without a mask; Proposal #4 - RIE. However, all five waveguide 
creation processes would benefit from having a masking layer to improve the 
uniformity of the implantation. The details of all five processes are detailed in 
Section 3.4 of Chapter 3. 
 
2.2.2 Fabrication in Diamond 
Based on the assumption that the refractive index of ion-damaged diamond is 
smaller than that of pristine diamond, the creation of optical waveguides and 
microstrip lines would be easily attainable with available techniques. The 
dimensions of waveguides in diamond shown in Figure 2.2.2.1 are quite 
workable; only an implantation regimen would need to be developed to realise the 
waveguide. 
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FIGURE 2.2.2.1: Maximum widths for square waveguides in diamond, n = 2.41, to maintain 
single-mode (SM) propagation, for different cladding refractive indices and 
wavelengths. (Colour online) 
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However, if the refractive index of ion-damaged diamond is increased, the 
guiding region, i.e. the core, would have to be the ion-damaged region. 
Fabrication could be achieved with the appropriate choice of depth and width 
depending on the refractive index contrast, while guiding would be possible with 
a sufficient optical flux. However if the application requires the use of single 
photons, then any perturbations created by the increased absorption would have 
detrimental effects and could essentially render the waveguide useless. 
 
Alternatively, diamond/air-gap waveguides have been fabricated and 
demonstrated; the waveguide shown in Figure 2.2.2.2 is a prototype of 
rudimentary design. It was made by the FIB/Lift-off process as described in 
Olivero et al. 2005; the waveguide is 1×3 µm in cross-section, suspended above a 
300 nm air gap. Nevertheless, as a proof of concept, it functions, exhibiting modal 
patterns as seen below; the modal pattern is clear evidence of waveguiding. 
 
 
FIGURE 2.2.2.2: A micro-sized free-standing diamond waveguide designed and fabricated at 
the School of Physics, University of Melbourne. Images are courtesy of P. 
Olivero. 
 
Simulations, such as those described in Chapter 3, would yield the optimum 
topography for the waveguide for either single-mode or multimode transmission; 
the waveguide in Figure 2.2.2.2 is multimodal. 
 
Briefly summarised, the creation of free-standing diamond membranes involves 
the implantation of high-energy ions into the diamond substrate to a fluence 
exceeding the threshold for graphitisation (discussed in section 2.3.2). The 
implantation creates a buried layer of defects in the material, which becomes an 
etchable carbon layer (ECL) upon thermal annealing. Once annealed, holes are 
drilled through the diamond, with a focused-ion-beam, down to the buried 
graphitic layer. These holes allow electrolyte to reach the sacrificial layer during 
electrochemical etching. During etching, the buried layer of damaged material is 
removed while leaving the diamond above the layer intact. 
 
input output 
Modal Patterns Scale: 50 µm 
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Controlling the dimensions of the free-standing diamond membrane is not a trivial 
exercise. The thickness of the membrane must be reduced for single-mode 
waveguide propagation; the greater the refractive index contrast and the shorter 
the wavelength of operation (cut-off) the thinner the membrane must be. 
Furthermore, for applications in quantum information, the thickness of the 
membrane should be of the order of λ/n (Tomljenovic-Hanic et al. 2006b); given 
the refractive index diamond, n = 2.4134, for NV- centres emitting at 637 nm, this 
equates to a maximum thickness of order 200 nm for single-mode propagation. 
Although such thin membranes have been achieved in nanodiamond thin films 
(Wang et al. 2007a) and for free-standing polycrystalline-diamond layers (Sekaric 
et al. 2002), only high-quality single-crystal diamond possesses the required 
optical and electronic properties that meet the demands for scalable quantum-
information applications (Greentree et al. 2006a). 
 
Decreasing the membrane thickness by reducing the implantation energy will not 
achieve functional photonic structures; too much damage occurs in the membrane 
layer. Fairchild et al. (2007) have developed a method of fabricating nano-
structures in diamond using a two-energy ion implant process. The method makes 
use of the fact that ions implanted at different energies have different ranges, i.e. 
implantation depths. With a 10% difference in the implantation energy a 200inm 
thin layer of diamond remains sandwiched between two amorphous layers, as 
shown in Figure 2.2.2.3 and 2.2.2.4. 
 
In regard to such free-standing structures in diamond, once the sacrificial layer has 
been removed, thin layers of residual damage remain in the diamond, i.e. in the 
bottom of the cap layer and the top of the substrate below. The amount of damage 
in this layer is just below the critical threshold; it was also found not to depend on 
implantation species or annealing temperature. However it can be removed by 
hydrogen plasma cleaning (Drumm et al. 2009). 
 
The creation of these free-standing membranes is not restricted to waveguides. 
Photonic crystals (PhCs) are considered a key component for integrated optical 
devices such as filters, mirrors, resonant cavities and optical waveguides (Baldwin 
et al. 2006). There are two main types of optical PhCs waveguides: PhC optical 
fibres (not discussed here) and also photonic interconnects where Marcuse’s Law 
does not apply and consequently bend losses (like those experienced in optical 
fibres) are nonexistent. 
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FIGURE 2.2.2.3: SRIM simulation of damage produced by two distinct ion implantations of 
helium ions into diamond. The 2.00 MeV helium ions, with fluence of 5×1016 
ions/cm2 deposit their energy at greater depths (≈ 3.5 µm) than the 1.80 MeV 
helium ions with fluence of 6.8×1016 ions/cm2 (≈ 3.1 µm). The cumulative 
damage (solid line) is also shown. The gray boxes show the location of the 
amorphised regions with the sandwiched layer shown in-between, as a white 
box. Images are courtesy of B.A. Fairchild 2007. 
 
   
 
FIGURE 2.2.2.4: Before and after annealing; a) as-implanted interface between the single-
crystal regions and the amorphised regions, b) after annealing at 1260 °C, the 
interface between the damaged and undamaged areas becomes significantly 
sharper. Images are courtesy of B.A. Fairchild 2007. 
 
To optimise the collection of photons from individual colour centres, embedding 
the centres in cavity structures offers the possibility of improved collection 
efficiency and greater control of the optical transitions via the Purcell effect 
(Purcell 1946; Su et al. 2008a). With sufficiently strong coupling, quantum 
cavities and photonic interconnects can be realized in diamond, which would both 
be substantial enablers of a diamond-based quantum computer (Barrett and Kok 
2005; Devitt et al. 2007), or a photonic condensed-matter analogue (Hartmann et 
al. 2006; Greentree et al. 2006c; Angelakis et al. 2007). 
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FIGURE 2.2.2.5: A photonic crystal in a free-standing membrane. Inset: Enlargement of 
photonic crystal; the missing holes provide the guided mode in the PhC 
waveguide (line) and cavity (centre region). 
 
Complex photonic crystal structures in single-crystal diamond, such as in Figure 
2.2.2.5, are only possible by use of high-energy ion implantation to create the 
free-standing membranes; the actual photonic array that houses the cavity can be 
fabricated by reactive ion etching. 
 
 
FIGURE 2.2.2.6: Photonic Crystal: Microdisk resonator cavity coupled to a waveguide. 
 
Although such free-standing structures are quite elegant, they are difficult to 
make, require much room on the substrate and are unscaleable. Growing thin yet 
large area single-crystal diamond films is demanding. However such a film in 
bulk single-crystal diamond can be produced by implanting high-energy ions to 
create a buried layer, not for the purpose of etching, but with a lower refractive 
index thus creating a lower lateral boundary in the structure. On top of the 
diamond film photonic devices may then be realised, like the microdisk resonator 
cavity shown in Figure 2.2.2.6. 
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2.2.3 Ion Beam Optical Modification 
Ion implantation is a well-established technique commonly used to modify the 
optical properties of a material (Townsend 1987). The optical modification of a 
material by ion implantation involves inducing a change in its optical properties; 
namely the refractive index. This effect introduces an extra parameter into the 
design of photonic structures; the design process is no longer restricted to tailoring 
just the physical dimensions of the structure. 
 
Compared to micro-fabrication, inducing a change in the refractive index of the 
material decreases the refractive index contrast; the difference in refractive indices 
between modified and unmodified material is far less than for a material/air-gap 
structure. The decreased refractive index contrast in photonic crystals has the 
effect of reducing the width of the photonic bandgap (Joannopoulos et al. 1995); 
this may not always be desirable as it limits the frequencies at which the optical 
modes can be maintained by the photonic crystal. However, in traditional optical 
elements such as gratings and filters, very narrow optical stop-bands can be 
implemented (Farries et al. 1992). 
 
Ion beams have been predominantly used in the precision milling of substrates 
(Tseng 2004); however there are two types of waveguiding structures that can be 
fabricated using ion beam writing. A detailed review of these is contained within 
Appendix B  
 
In most other inorganic materials, such as amorphous silica, changes produced by 
ion bombardment tend to increase the refractive index either by compaction of the 
lattice or by the addition of polarizable ions (Townsend 1987). Ion implantation to 
form optical waveguides has also been effective in: GaAs (Garmire et a1. 1972; 
Somekh et a1. 1973); GaP (Barnoski et a1. 1973); and ZnTe (Valette et a1. 1975). 
 
However, in some materials the refractive index may decrease under ion 
implantation; this usually occurs in high refractive index materials due to large 
lattice density inhibiting compaction. In this case the implant is used to define the 
boundaries and the unimplanted high index region then acts as the waveguide. An 
early example of an ion-beam-induced decrease in refractive index (by 10%) was 
observed in LiNbO3 by argon bombardment (Wei et a1. 1974).  
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Direct writing of waveguides, and other photonic structures, using proton beams 
is being actively researched in the development of integrated optics for 
communications and signal processing (Kan and Bettiol 2010). The process, 
although similar in many ways to direct writing using electrons, nevertheless 
offers some interesting and unique advantages. Protons, which are approximately 
1800 times more massive than electrons, have deeper penetration in materials and 
travel in an almost straight path. This feature allows the fabrication of three-
dimensional, high aspect ratio structures with vertical, smooth sidewalls and low 
line-edge roughness. Although traditionally ion beam writing has been conducted 
at the micron scale, by utilising nano-aperture collimation techniques such as 
those developed by Taylor et al. (2007), nanometre resolution is achievable. 
Recent tests show structures written at aspect ratios of 160 and details down to 
20inm in width with sub-3 nm edge smoothness (Chen et al. 2009). 
 
Notable achievements of waveguiding by modifying the refractive index of a 
material have been reported for many materials. The use of high-energy (MeV) 
ion implantation to fabricate polymer waveguides has been reported by Ruck et al. 
(1995) and Hong et al. (2001). Ruck et al. fabricated buried channel waveguides 
in poly-methylmethacrylate (PMMA) by irradiating PMMA through a Si mask as 
well as by direct masking of the PMMA substrate using a Ni shim, while Hong et 
al. fabricated planar waveguides in PMMA using ion implantation. Direct-writing 
with a focused MeV proton beam to fabricate linear buried channel waveguides in 
fused silica have been reported by von Bibra et al. (2000). The advantage of using 
a direct-write focused ion beam of high-energy light-ions is that buried channel 
waveguides can be fabricated without the need of a mask. 
 
Proton beam writing can also be employed to modify existing waveguides such as 
optical fibres. Given that 2.4 MeV protons have a range of 62.5 mm in silica, the 
core of a multimode optical fibre (where radius is equal to the aforementioned ion 
range) can be implanted and thus modified. The fabrication of long-period fibre 
gratings by use of focused ion-beam irradiation has been reported by von Bibra 
and Roberts (2001). 
 
Furthermore, by employing multiple energy implants forming extended vertical 
regions of modified material, large channel waveguides can be fabricated at 
almost arbitrary dimensions; the creation and operation of such a channel 
waveguide was demonstrated by Webb et al. (1975) in silica. Ion beam writing 
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can be extended to fabricate any arbitrary waveguide pattern (e.g. the Mach-
Zehnder interferometer, directional couplers etc.) in the substrate material. It is the 
hope of the work presented in this thesis that such fabrication of waveguides and 
other optical/photonic structures can achieved in diamond. 
 
To date a select few photonic devices have been fabricated in diamond but all rely 
on micro-machining of the diamond, i.e. surrounding the nano-structure in an air-
gap (Hiscocks et al. 2008). The large refractive index contrast requires that the 
physical size of the waveguide or other photonic structure be smaller than when 
the two materials have more similar refractive indices. This requirement places a 
limitation on the types of structures that can be fabricated in diamond due to the 
high refractive index and material hardness. These limitations are not present in 
silica and similar materials and, as has been discussed, ion beam implantation has 
been widely used to produce optical waveguiding structures and devices in 
insulators (Townsend 1992). 
 
Diamond waveguides and photonic structures have been highlighted as a critical 
and integral part of achieving scalable quantum information processing in 
diamond (Greentree et al. 2008). A review of the available literature reveals a 
marked lack of waveguide fabrication by ion-induced optical modification. Indeed 
waveguide fabrication in diamond has been done exclusively by either FIB-
assisted lift-off (Olivero et al. 2005) or RIE (Hiscocks et al. 2008) as discussed in 
the previous section. 
 
However, attempts have been made (Fu et al. 2008) to couple diamond NV 
centres to a GaP waveguide; gallium phosphide is a common photonic material. In 
addition, the coupling of diamond nanocrystals to optical fibres has been 
demonstrated by Rabeau et al. (2005). This led to the practical use of diamond as 
a single-photon source (Rabeau et al. 2006a) in the development of the world's 
first commercially available solid-state single-photon source by Quantum 
Communication Victoria in 2008. 
 
Since at least the 1950s (Clark et al. 1956) a change in appearance of diamond 
after ion implantation has been noted. It took until 2008 to implement this 
phenomenon into the design of a photonic structure (Tomljenovic-Hanic et al. 
2008) as a direct result of the work within this thesis; the refractive index changes 
(∆n ~ 0.02) needed for ultrahigh-Q cavities with Q ~ 107, are well within what can 
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be achieved. The observation of the lowering of the refractive index of ion-
implanted diamond under the appropriate implantation fluence, led to the 
consideration of using this ion-induced change in the refractive index to enhance 
the cavitation properties of the photonic crystal cavity; thus greatly improving the 
Q-valve of the cavity. 
 
Two approaches on a photonic crystal slab (PCS) are considered and shown in 
Figure 2.2.3.1: a step-index profile; and a graded-index profile. In the step-index 
profile cavity, the minimum width of the implanted region is of the same order as 
the region within which the cavity resides. For the graded-index profile, the 
implanted region consists of a greater number of thinner strips, each with a 
slightly decreased value of refractive index the further away from the cavity 
(centre). As the change is more subtle for the graded-index profile, this requires 
an overall larger width of the implantation region. This type of graded-index 
profile cavity exhibits higher Q-values than the step-index profile; of course the 
step-index profile is much easier to fabricate. 
 
 
FIGURE 2.2.3.1: Schematic of the PCS: (a) a step-index profile and (b) a graded-index profile. 
The undamaged region in the centre has the largest refractive index, whilst 
damage reduces the refractive index in the surrounding regions, defining the 
cavity. The cavity length is a multiple of periods L=ma, where m is an integer 
for the step-profile and L=l0+2(l1+l2+l3+l4), where li=ma for the graded-
profile. SOURCE: Tomljenovic-Hanic et al. 2008 
 
The theoretical Q-values of diamond photonic cavities are improving roughly an 
order of magnitude per year (Tomljenovic-Hanic et al. 2006b; Kreuzer et al 2008; 
Tomljenovic-Hanic and Martijn de Sterke 2010). Photonic crystals have been 
fabricated in diamond (Wang et al. 2007b), and are progressing at a similar rate as 
the theoretical calculation, although the Q-value is lagging by about three orders 
of magnitude. The images in Figure 2.2.3.2 show the theoretical (left) and 
physical (right) aspects of photonic crystal cavities in diamond. Although from 
different sources, both the projected band diagram (left) and fabricated structure 
(right) have almost the same photonic crystal parameters (a, R and h). 
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FIGURE 2.2.3.2: (left) Projected band diagram of TE-like modes in a two-dimensional 
photonic crystal consisting of a triangular lattice of air holes (of lattice 
constant a) in a diamond slab (ε = 5.76). Air hole radius R = 0.29a, thickness 
h = 0.91a. Also shown: light line (red) and frequency of optimized cavity 
mode (black line). SOURCE: Kreuzer et al 2008. 
(right) (a) A SEM image of a suspended L7 cavity with a = 240 nm and R = 
80 nm. (b) An enlarged picture of air holes. (c) A cross sectional image of the 
air holes. The thickness, h, of the membrane is about 160 nm. The sidewall of 
the holes is tilted by 3°. SOURCE: Wang et al. 2007b. 
 
In diamond, the design of the photonic crystal is not restricted to air-holes in 
diamond slab. The overall design and the enhancement of cavity Q-values can be 
assisted by ion implantation. As discussed in the previous section, the actual 
diamond slab can be defined by ion implantation thus changing the refractive 
index of the bottom layer; air-holes can then be incorporated into this slab (the 
procedure can be applied in the reverse order and perhaps this may yield better 
results). However, given a diamond photonic crystal slab, ion implantation can 
also be used to locally change the refractive index around a cavity to enhance its 
properties. 
 
The alternative, where the elements that are ordinarily air-holes consist of a 
medium of higher dielectric value than air (i.e. pretty much anything else), was 
proposed by Tomljenovic-Hanic et al. (2006b). In that work a typical photonic 
crystal slab was altered by infiltration of the air-holes with liquid crystal, polymer 
and nano-porous silica. The successful design of high-Q cavities in photonic 
crystal slab heterostructures has laid the foundations for the design of ultrahigh-Q 
photo-induced cavities in defect-free photonic crystal slabs (Tomljenovic-Hanic 
and Martijn de Sterke 2010) and is being extended, based on work that is 
contained within this thesis, to ion-implanted diamond. 
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2.3 Ion Implantation 
Ion implantation is a process by which accelerated ions can be implanted into a solid, 
thereby changing the physical properties of the solid. The ions introduce both a 
chemical change in the target, in that they can be a different element to the target, and a 
structural change, in that the crystal structure of the target can be damaged or even 
destroyed. 
 
Ion implantation is an accurate method for modifying the refractive index of surfaces of 
insulators to form optical waveguides and waveguide lasers (Townsend 1992). Two 
different approaches involve either directly defining the waveguide region by 
implanting chemical dopants to control the refractive index and the lasing transitions, or 
to use ion beam induced damage to lower the index and define a boundary layer. This 
latter route has the benefit of leaving the waveguiding region virtually unchanged and 
so it retains its optoelectronic and nonlinear crystal properties. However, it is important 
to have knowledge of how the implanted ions, and the associated damage, are 
distributed in the target material. 
 
The energy of the ions, as well as the ion species and the composition of the target, 
determines the ion penetration depth in the solid. The average penetration depth is 
called the range of the ions. Within the energy range of 10ikeV (kiloelectronvolt) to 
10iMeV (megaelectronvolt), the ion ranges will generally be (Zeigler 1980) between 
tens of nanometres and hundreds of micrometres. Ions gradually lose their energy as 
they travel through the solid, both from occasional collisions with target nuclei (which 
cause abrupt energy transfers) and from a moderate drag from overlap with electron 
orbitals, which can be considered to be a continuous process. The aforementioned loss 
processes of ion energy in the target are called nuclear and electronic stopping 
respectively. 
 
The interaction of the ion and target can be simulated using computer software utilising 
probabilistic algorithms to model the physical processes. A number of Monte Carlo 
codes have been developed over the years (Eckstein 1991). The various Monte Carlo 
programs differ primarily in their basic treatment of elastic scattering. The program 
TRIM, Transport of Ion in Matter (Biersack and Haggmark 1980), also known as SRIM 
(The Stopping and Range of Ions in Matter), is the most commonly cited for range and 
damage distributions in amorphous materials within the keV to MeV energy range (Kirk 
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and Othmer 2001). It has since been heavily developed; the latest available code is 
SRIM 2010 (Zeigler et al. 2010). 
2.3.1 Material Interactions 
Ion–solid interactions are the foundation that underlies the broad application of 
ion implantation for the modification of materials. The major features governing 
the successful exploitation of ion implantation are the range distribution of the 
energetic ions, the amount and nature of the lattice disorder that is created, and the 
final location of the energetic ions in the crystal lattice. 
 
Each individual ion produces many point defects in the target crystal on impact 
such as vacancies and interstitials (Robinson and Torrens 1974). Vacancies are 
crystal lattice points unoccupied by an atom. In this case the ion collides with a 
target atom, transferring a significant amount of energy to the target atom such 
that it leaves its crystal lattice site, thus becoming a recoil ion. This target atom 
then itself becomes a projectile in the solid, and can cause successive collision 
events. These recoil ions move off at an angle relative to the incident ion, and 
since momentum must be conserved (Krane 1998), they come to rest at a 
decreased longitudinal range; this is called straggling. Interstitials result when 
such atoms (or the original ion itself) come to rest in the solid, but find no vacant 
space in the lattice to reside. These point defects can migrate and cluster with each 
other, resulting in dislocation loops and other defects. 
 
Collision cascades lead to a distribution of vacancies, interstitial atoms, and other 
types of lattice disorder in the region around the ion tracks of the incident and 
recoil ions. As the number of ions incident on the crystal increases, the individual 
disordered regions begin to overlap. At some point, a heavily damaged layer is 
formed. The total amount of disorder and the distribution in depth depend 
primarily on (Zeigler et al. 1985): 
i) Ion species (mass); the heavier the ion, the more vacancies are produced 
per incident ion. Also the range and straggle of the ions differ; range is 
decreased while straggling is increased with increased ion mass; 
ii) Energy; an increase in the ion energy increases the ion range and the 
increases the straggling, while also increasing vacancy production (per 
ion), though to a much lesser degree than by increasing the ion mass. 
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Furthermore, the peak damage concentration is decreased since the width 
of the damaged layer increases due to ion straggling; 
iii) Total fluence (also referred to as dose) which acts more as a scaling factor; 
and 
iv) The ratio of electronic to nuclear energy loss. 
v) Target temperature and channelling effects, among others. 
 
At high-fluence levels (used to incorporate > 5–10 atomic % of implanted species 
to modify the composition of the target) other phenomena become important 
(Kinchin and Pease 1955), namely: ion sputtering, ion-induced physical phase 
formation, and the transformation of the structural nature of the target, i.e., the 
transformation of a crystalline material into an amorphous material. 
 
If there is a crystallographic structure to the target, especially in semiconductor 
substrates like diamond and silicon examined here where the crystal structure is 
more open, particular crystallographic directions offer much lower stopping than 
other directions (Kido and Kawamoto 1986). This effect is called ion channelling. 
The result is that the range of an ion can be much longer if the ion travels along a 
crystallographic axis, for example the <110> direction in silicon and other 
diamond cubic materials. Ion channelling, like all the channelling effects, is 
highly nonlinear, with small variations from perfect orientation resulting in 
pronounced differences in implantation depth. For this reason, most implantation 
is carried out a few degrees off-axis, where tiny alignment errors will have more 
predictable effects. 
 
Ion implantation is typically done in two different energy regimes; namely, low-
energy (keV), and high-energy (MeV). For each type of implant the resulting 
damage, taken from TRIM and shown in Figure 2.3.2.1 in the following section, is 
quite different; these are typical damage profiles in the aforementioned energy 
regimes. Low-energy implants can for example be done using a Focused Ion 
Beam (FIB) of 30 keV gallium ions, while high-energy implants using for 
example a Pelletron Particle Accelerator of hydrogen and helium ions at energies 
of up to 5iMeV are possible. 
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2.3.2 Implanting Diamond 
The study of ion implantation into diamond has received interest for many 
decades (Benedict et al. 1998). Many investigations have been conducted on ion-
implanted diamond. This research provided numerous interesting but mostly 
uncorrelated results. Progress in this field has been reviewed from time to time 
(Clark and Mitchell 1971; Vavilov 1975 and 1978; Kalish 1993; Prawer 1995; 
Kalish et al. 1999a and 1999b; Prins 2001a). Noted researchers currently in the 
area include Prins, Uzan-Saguy, Prawer and Kalish. 
 
An aspect of ion-implanted diamond that is of paramount importance is the 
critical amorphisation threshold, DC (defects/unit volume); a point below which 
damaged diamond can restored to or close to its pristine state by thermal 
annealing. Previous studies (Prawer and Kalish 1995; Uzan-Saguy et al. 1995a 
and 1995b; Hauser et al. 1977; Prawer et al. 1998; Kalish et al. 1999b) have 
demonstrated that when diamond is damaged by ion implantation at ever 
increasing fluences it steadily loses its diamond properties (i.e. high hardness and 
chemical resistance) until it ultimately reaches complete amorphisation. 
 
It is known (Orwa et al. 2000) that diamond damaged below DC can revert back to 
almost pristine diamond upon adequate annealing, while above DC no amount 
(Reznik et al. 1997) of annealing will restore the diamond lattice and instead the 
diamond converts into a form of disordered graphite. The amorphisation point of 
diamond has been shown (Uzan-Saguy et al. 1995b) to be approximately 
1022ivacancies/cm3 for sub MeV implantations. This effect however is offset for 
buried amorphised layers, even at a relatively shallow depth of 3 µm; the critical 
amorphisation threshold is seen to increase (Draganski et al. 2006). 
 
The primary interest in diamond has been for its room temperature quantum 
properties (Greentree et al. 2006a), with a large focus on the creation and 
identification of new colour defect centres (Waldermann et al. 2007); recently a 
chromium single-photon emitter (Aharonovich et al. 2010) was fabricated in 
diamond using ion implantation by the research group headed by Prawer. These 
defect centres need to be confined or accessed, thus the fabrication of photonic 
structures in diamond, i.e. cavities, waveguides, etc., achievable by ion 
implantation to modify the optical properties of the diamond to that effect is 
required; hence the relevance of this work. 
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The distribution of ions implanted into a material strongly depends on depth. 
Figure 2.321 is an example of two typical damage profiles, taken from TRIM and 
incorporating both target displacements and vacancies, for low (keV) and high 
(MeV) energy implantations. The simulated target material is diamond, with 
density, ρ = 3.52 g/cm3 (Field 1992) and displacement energy, Ed, of 52 eV 
(Kalish et al. 1999a); both of these properties can be adjusted in TRIM. 
 
FIGURE 2.3.2.1: SRIM Damage profiles for, a) keV(low-energy) implants [ 75 keV Carbon ], 
and b) MeV (high-energy) implants [ 3 MeV Hydrogen ]. 
 
As can be seen from Figure 2.3.2.1, keV implants create damage at the surface, 
extending only a few tens of nanometres. On the other hand, MeV implants create 
the most damage at their end of range (this corresponds to the peak in the Bragg 
curve), and results in a sharp profile deep below the surface; the contrast between 
the peak in the damage profile and the trailing edge is extremely high. A review of 
diamond implanted at low and high energies follows. 
 
The two major topics related to ion implantation studies of diamond are (a) the 
attempts to achieve chemical doping of diamond by the implantation of the 
appropriate impurity ions and (b) the damage inflicted on the crystal by the ions 
during their slowing down in the material. Although both topics have relevance in 
both energy regimes, doping is usually investigated using low-energy ions as 
shallow distribution of the dopants is important, while higher energies are useful 
in creating spatially well-defined photonic structures due to the sharpness of the 
damage peak. 
 
2.3.2.1 Low-Energy 
One of the most attractive applications of ion implantation into diamond is the 
realisation of electronic devices with this exceptional semiconductor. These 
devices should, for special purposes, be superior to any other solid-state-based 
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devices, owing to the excellent thermal conductivity of diamond, its wide band 
gap and its resistance to radiation. Examples of diamond p-n junctions have been 
obtained by either implantation of boron & phosphorus or boron & antimony 
(Vavilov 1978). The n-type conductivity obtained in damaged diamond has been 
utilised by Prins to fabricate a bipolar transistor in type-IIb diamond in which the 
emitter and collector were made n-type by carbon ion implantation (Prins 1982). 
P-type conductivity has observed for various ions; the most common dopant being 
boron (Kalish 1997). 
 
An important difference between implantation of ions at low and high energies is 
the difference between the ion and vacancy (damage) distributions; some 
examples are shown in Figure 2.3.2.2. The depth of the peak in the ion 
distribution profile is always beyond the depth of the peak in the ion damage 
profile, i.e. most of the ions are deeper than the vacancies. The SRIM calculations 
do not consider thermal effects such as dynamic annealing, defect diffusion and 
migration; the implantation temperature is taken as 0 K (absolute zero), where 
thermal kinetics are not relevant. 
 
  
  
FIGURE 2.3.2.2: SRIM Ion (top) and Damage (bottom) distribution profiles for: (left) 250 
keV Boron, (right) 30 keV Gallium. 
 
It is important to note that interstitials begin to migrate above 150 K, becoming 
mobile above 300 K (Prins 1992). This portends that interstitials can annihilate 
vacancies at higher implantation temperatures. As a consequence, ion 
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implantations carried out at temperatures above 150 K will not only exhibit a 
decrease in the vacancy concentration, but also broadening in the thickness of the 
lattice deformation due to the interstitials moving around. Any measurement 
technique that relies on, or is capable of, ascertaining thickness and depth needs to 
account for these factors. 
 
Implanting at low energies typically creates large amounts of damage immediately 
from the surface, peaking near but before the depth of the peak of the ion 
distribution, but extending far deeper in to the target material than the straggling 
of the ions. Furthermore, although in absolute terms the ion straggling increases 
with implantation energy, the relative thickness of the damage layer compared to 
the depth of the implant increases as the implantation energy decreases; thus 
resulting in a broader and flatter distribution of the damage. This is advantageous 
in regards to doping as the volume into which the dopant ions must migrate is 
more uniform, while large thicknesses are favourable for electronic applications. 
 
2.3.2.2 High-Energy 
Ion implantations at energies above 1 MeV usually result in the damage layer 
being buried beneath a diamond cap layer. This cap layer is virtually undamaged 
having only experienced electronic stopping of the ions; thus the vacancy 
concentration is of order 102 times less than in the peak damage layer (see Figure 
2.3.2.1b). Furthermore, this cap layer can be restored to its pristine condition by 
thermal annealing; this is particularly useful when creating free-standing 
structures in diamond utilising the FIB-assisted lift-off method (Olivero et al. 
2005). It should be noted that implanting at too high a dose results in the cap layer 
fracturing and popping off. Waldermann et al (2007) observed this effect when 
implanting 2 MeV helium to a depth of 3.5 µm; the equivalent vacancy 
concentration exceeded 5×1023 vacancies/cm3. 
 
High-energy implantation also allows for the creation of large numbers of NV 
centres in the cap layer. It is known (Orwa et al. 2000) that at high ion fluences 
graphitisation begins to affect even the cap layer; as indicated by a strong 
suppression of NV photoluminescence. It is likely that the NV density in the 
material actually increases, however most of the NV centres are no longer 
optically accessible, thus becoming useless. 
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It is also known that the presence of the cap layer increases the value of DC 
(Draganski et al. 2006). It also has the effect of producing extremely high internal 
pressures in the damaged layer during the laser annealing as described by Prawer 
et al. (1992). The authors reported that upon exposure to 14ins pulses from a 
focused Nd:glass laser at high powers, ablation of the implanted surface was 
observed for damaged layers buried beneath the surface of type-IIa diamond slabs 
by 2.8 MeV carbon ion implantation. However, at an appropriate choice of laser 
power and wavelength, annealing of the implanted layer without any disruption to 
the surface morphology was observed. The annealing effect was confirmed by 
optical measurements and RBS-channel spectroscopy. 
 
The results suggested that the undamaged diamond cap can be utilized to promote 
damage annealing of diamond by pulsed laser beams. The surface cap was also 
believed to aid in the production of extremely high internal pressures in the 
damaged layer during the laser pulse, which prevents graphitisation and promotes 
diamond regrowth. At higher laser power densities than required for annealing, 
graphitisation of the buried damage layer, followed by melting, was observed; in 
agreement with the phase diagram of carbon near the diamond-graphite-molten 
carbon triple-point (see Figure 4.3.1.1 in Chapter 4 for phase diagram). 
 
Thus the cap layer gives the advantage of allowing higher concentrations of 
damage within the diamond than would be withstood for low-energy near-surface 
implantations, hence perhaps providing a greater range of variance in the optical 
properties of the damage layer. Furthermore, precision laser annealing can 
increase the flexibility in the topology of these variable optical properties. The 
greater depth achieved by implantation at higher energies permits more freedom 
in the physical dimensions of the photonic structure. 
 
Additionally, the cap layer has much less damage (which can be reduced further) 
than at the end of range (as evident from Figure 2.3.2.3), enabling it to have lower 
attenuation of an optical signal; this is discussed in greater detail in Chapter 3. 
The cap layer may also provide an environment for which the damage layer may 
exhibit exotic properties, e.g. compression of implanted hydrogen leading to 
metallic properties and room temperature superconduction (Ashcroft 1968). 
 
Conversely to low-energy ion implantation, the distribution profiles of both the 
implanted ions and the vacancies (damage) are essentially identical, (refer Figure 
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2.3.2.3) for implantations carried out at high energies. Again, as described earlier 
regarding low-energy implantation, thermal considerations are not addressed by 
SRIM. Due to interstitial mobility, the same reduction in vacancy concentration is 
present here, although the broadening is almost negligible; as a proportion to the 
depth and thickness of the layer this broadening effect is very small. As a result, 
the effects of implanted ions and their induced damage may be indistinguishable 
in some analytical measurements. 
 
  
  
FIGURE 2.3.2.3: SRIM Ion (top) and Damage (bottom) distribution profiles for: left) 2 MeV 
Helium, right) 3 MeV Hydrogen. 
 
It is also clear from the profiles in Figure 2.3.2.3 how marked the difference in ion 
range, straggling and both ion and vacancy concentration, is between the two 
lightest elements. 
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2.4 Measurement Techniques 
The refractive index of a material is a commonly referenced optical property. It is a 
fundamental parameter for photonic based devices. The refractive index of pristine 
diamond is well documented (Zaitsev 2001; Field 1992) over a large spectral range. 
However it is not a straightforward property to measure and many different techniques 
are available depending on the sample; the spectral range of interest is also a major 
consideration when selecting the optimum measurement technique. 
 
Both Zaitsev and Field have compiled rich and detailed texts of extensive research, 
encapsulating the best known understanding of diamond at the time of printing. The 
first refractive index measurements of bulk single-crystal diamond were conducted in 
the latter half in the 19th Century, most notably by Schrauf in 1884 and Walter in 1891. 
The measurements were performed with diamond prisms over an extensive range of 
wavelengths. It was thus established that the dispersion of diamond is high, 0.062 
(difference in refractive index between the Fraunhofer B-line and H-line); hence the 
refractive index is highly sensitive to wavelength. 
 
In 1923 Peter measured the refractive indices at various wavelengths in the ultra-violet, 
right down almost to the indirect bandgap of diamond at 225 nm (5.5 eV), and found 
that indeed the refractive index increases rapidly at shorter wavelengths. Other notable 
early research efforts included Cloizeaux (1874), Wülfing (1896), Martens (1902), 
Bauer (1932) and Anderson in 1940. These results were verified by Kukharenko in 
1955 using interferometric measurement techniques, while modern advances in 
technology have led to spectroscopic ellipsometry becoming the dominant technique of 
measuring the refractive index, currently focusing on single-crystal and polycrystalline 
CVD diamond films. 
 
Nevertheless, the highest accuracy refractive index measurement is made with the prism 
or minimum deviation method, which requires the material to be made into a prism with 
a precisely known vertex angle. Most polycrystalline materials, including those made by 
chemical vapour deposition, and ion beam modified materials, are difficult to make 
sufficiently thick and suitably fashioned for refractive index determination using this 
method. Thus other, more complicated, measurement techniques are required. 
 
It is well documented that ion-implanted diamond undergoes an optically visible 
darkening (Connell et al. 1988); the opacity increases with ion fluence but also depends 
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on the wavelength dependent skin-depth of disordered carbon, and hence the implanted 
layer thickness. Thus the ion-implanted area can become completely opaque at lower 
fluences but with a greater layer thickness. As the ion fluence increases, the structure of 
the diamond transforms from complete sp3 (four-fold coordinate bonding), to an 
amorphised phase increasingly rich in sp2 (three-fold) bonding (Reznik et al. 1997). 
 
It is apparent that the imaginary component (k) of the complex refractive index of 
diamond ( iknn +=~ ) increases upon ion implantation, and the diamond becomes more 
absorbing. As the diamond lattice breaks down, the material density within the damaged 
volume is observed to decrease (Kalish et al. 1999b). To a first approximation, the real 
part of the refractive index n would also be expected to decrease with material density. 
For example, it has been shown that the refractive index increased with density in ion-
implanted glassy carbon (McCulloch et al. 1994); glassy carbon underwent compaction 
upon ion implantation. However, the damage created by implantation gives rise to the 
formation of lattice vacancies, and hence leads to an increase in the number of unbound 
electrons (dangling bonds) which would increase the refractive index according to 
Lorentz oscillator theory (Wegener 2005). 
 
Thus there are two competing physical processes and no knowledge of the magnitude of 
each contribution. However as the dangling-bond density and the material density are 
both directly related to the formation of vacancies, it is irrelevant to distinguish between 
the two at this point as it is outside the scope of the work. The main parameter of focus 
is vacancy concentration, as described in Section 2.3, and how the refractive index is 
modified as this is changed. 
 
2.4.1 Optical techniques outline 
There are numerous ways of measuring the refractive index of a material; some 
measure the reflectance and/or transmittance, others rely on measuring phase 
changes, while ellipsometry can measure both simultaneously. Since the geometry 
of the implanted samples in this work differs from the ideal, supporting 
measurements are required to verify the validity of the ellipsometry results. 
 
The measurement techniques investigated in this thesis were: interferometry; an 
assortment of reflectance and transmittance measurements, the specifics of which 
are described later in this section; quantitative phase-contrast microscopy; and 
finally ellipsometry. This section reports on all the considered and attempted 
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measurement techniques, whether they are in diamond, in similar ion-implanted 
materials, or on a comparable physical scale. 
2.4.2 Interferometry 
Interferometry is the technique of diagnosing the properties of two or more waves 
by studying the pattern of interference fringes created by their superposition. The 
instrument used to interfere the waves together is called an interferometer, of 
which the type developed by Michelson in c.1887 is the most well known; a 
photograph of a Michelson interferometer and a corresponding ray diagram is 
shown in Figure 2.4.2.1. 
 
  
FIGURE 2.4.2.1: Left: Photograph of a Michelson interferometer. Right: ray-trace diagram, the 
material of interest may be placed in either arm (between the mirrors). 
 
When two waves of the same frequency combine, the total intensity IT is given  
in terms of the individual intensities I1 and I2 by: δcos2 2121 IIIIIT ++= , 
where δ is the phase difference between the two waves. Waves that are in phase 
will undergo constructive interference while waves that are out of phase will 
undergo destructive interference. Interference produces intensity modulation with 
maxima occurring when the optical path length difference 2d∆n between  
the two paths is exactly an integer number m (the mode order) of wavelengths λ, 
hence: mλ = 2d∆n.  
 
Interferometric measurements are commonly applied in determining the thickness 
of grown or deposited thin films. Such films are ideally suited for interferometry 
measurements due to their homogeneity and sharp material interface between the 
film and the substrate. The optical setup for an interferometric measurement is 
straightforward and adaptable; it can easily be applied in-situ in the deposition 
chamber for real-time monitoring of layer thickness. 
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The use of interferometric techniques with ion-implanted materials is usually 
restricted to measuring the film thickness. Of course the phase shift caused by the 
presence of the modified material is proportional to not just the thickness, but also 
the refractive index, which will most certainly be different than that of the 
substrate. There is an inherent loss of accuracy in the film thickness measurement 
if its refractive index is not known or if it is assumed that it remains unaltered. 
However, the change in the refractive index will normally be small, and it should 
be possible to estimate the index to within an error of only 5% or so (Fu and Ngoi 
2001); the consequent uncertainty of 5% in calculated film thickness may not be 
unacceptable. Interferometry has been used to measure the refractive index of 
diamond and CVD diamond by many researchers. 
 
As discussed earlier, the most accurate means of determining the refractive index 
is by using a prism, however this is not always possible. Interferometric 
measurements, on the other hand, are easily made on thin plates and provide a 
convenient way to determine refractive index if the thickness is known; especially 
for experimental materials on most substrates. Furthermore, interferometric 
measurements offer great accuracy and thus are very sensitive to small changes in 
the refractive index. A rigorous study on the thermal effects on diamond was 
conducted using interferometry (Tropf et al. 1998), achieving a typical accuracy 
of ±0.001 in determining n. 
 
A Mach-Zehnder type interferometer is easy to set up (see Figure 2.4.2.2) and, 
when used with the addition of a CCD array connected to a large computer 
monitor, can provide a fast and easily interpreted measurement provided care is 
taken in the precise alignment of the optical components. The Mach–Zehnder 
interferometer is a folded-out Michelson interferometer. The principal difference 
is that in the Michelson the same beam splitting optic is used to both split and 
recombine the beams, whilst in the Mach–Zehnder the beam passes through the 
sample only once and equal arm lengths are already defined due to the geometry, 
as is evident in Figure 2.4.2.2. 
 
By insertion of a translucent object into either arm of the interferometer, the 
optical path difference between the two beams is altered; the optical path 
difference (OPD) is now d∆n. This results in a change of the interference pattern, 
which allows a very accurate determination of the refractive index of the sample 
and even its local variation. Expanding the laser beam gives an extended 
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interference-fringe pattern, which reflects the local variation of the refractive 
index. The Mach–Zehnder interferometer may be regarded therefore as a sensitive 
refractometer. 
 
FIGURE 2.4.2.2: A Mach–Zehnder interferometer. Both arms are of equal length. The test 
sample can be inserted in either arm, i.e. between the two beam splitters. 
 
If the sample of interest is embedded within a substrate, expanding the beam to 
illuminate the region of interest as well as the surrounding area will make the 
difference in the refractive index apparent as a step in the fringe contours. By 
scanning a tight beam across the whole region of interest using a translational 
sample stage and computer software for the detector, and observing a trace across 
the 2D fringe pattern, a map of the OPD can be produced from many lateral scans. 
 
The measurement is analogous to interferometric profilometry; the main 
difference is that instead of determining the thickness of a film of known 
refractive index, the refractive index can be determined given a film thickness. 
Such measurements were conducted by Olivero et al. (2010). The measurement is 
admittedly more sophisticated than a basic Mach–Zehnder interferometer setup; 
nevertheless, a simple measurement, albeit qualitative, can provide infallible proof 
of a refractive index difference. 
 
In a recent publication by Olivero et al. (2010), the refractive index of diamond, 
implanted with hydrogen at energies of 2 and 3 MeV, was measured. In an 
interferometric setup (see Figure 2.4.2.3) that utilised a microFizeau objective 
lens, the optical path difference map was rendered, while the ion-induced swelling 
was ascertained by white-light interferometry. The map (see Figure 2.4.2.4), 
which is a high resolution two-dimensional scan over the implanted surface, 
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provides detailed information of the implanted layer. Knowledge of the structural 
changes that occur during implantation, layer thickness and swelling, is essential 
to extract the refractive index from the OPD. 
 
At a single wavelength (Olivero et al. measured at 632.8 nm) the largest error 
stems from the accuracy of determining the layer thickness, which consists of 
both the thickness of the ion end-of-range and also the ion-induced swelling. The 
swelling can be easily measured by profilometry or using white-light 
interferometry as done by the author; the adjusted value of the OPD takes this into 
account. The implanted layer thickness is taken from SRIM and has been shown 
(Orwa et al. 2000) to be accurate within given tolerances. For the reported ion 
fluence, the level of damage was well below the critical amorphisation threshold 
from diamond, thus optical absorption can be considered to be negligible. 
 
 
FIGURE 2.4.2.3: Schematics and principle of operation of the laser beam interferometric 
microscope used by Olivero et al. 2010. An expanded laser beam crosses a 
first beam splitter, then after the microFizeau objective it is split into two 
distinct paths when crossing a reference surface. The first path (reference 
beam) is re-directed towards the detector, while the second path (test beam) 
crosses the sample under examination twice while being reflected at a high-
quality external mirror. When recombining, the reference and test beams 
produce an interference pattern, which is recorded with a CCD camera. 
 
Nevertheless, the OPD is still the product of the layer thickness and the difference 
in refractive index; both measurement errors will affect the accuracy as different 
combinations of ∆n and d will give the same OPD. A spectroscopic measurement 
over a wide range of wavelengths allows for greater accuracy; the data can be 
modelled to fit the refractive index to some physical dispersion curve where the 
layer thickness will be constant. 
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FIGURE 2.4.2.4: Typical maps of (a) the optical path difference measured with the laser 
interferometric microscope and (b) swelling profile measured with the white-
light interferometric microscope. As reported by Olivero et al. 2010 
 
Extracting the refractive index as a function of ion fluence is then trivial, however 
from SRIM, calculation of the vacancy concentration depends on specification of 
the lattice displacement energy, Ed, in SRIM. Olivero chose Ed=50ieV, unlike the 
52ieV used within this thesis; the difference is small and for light-ions values 
between 50-55 eV are acceptable (Zielger et al. 2010). The resulting vacancy 
range was 2×1017 to 5×1021 vac/cm3. Although it is not exactly clear from data, 
the onset of measureable optical difference seems to occur at approximately 1020 
vac/cm3. The refractive index was seen to increase monotonically with respect to 
the ion fluence (and hence vacancy concentration). 
 
This situation for hydrogen implantations may be unique due to the nature of 
damage in the buried layer, or even the hydrogen ions themselves; for the 
equivalent vacancy (damage) concentration, the ion concentration of 3 MeV 
hydrogen in the damaged layer is over 104 times greater than for 30 keV gallium 
ions. Furthermore, the hydrogen may exist in some exotic material phase due to 
the extremely high internal pressure in the diamond, possibly possessing metallic-
like qualities (Ashcroft 1968). 
 
Interferometric measurements have produced great results in the studies of thin 
films, where the thickness of the film is known or can be independently verified. 
However, in the case of ion implantation where the implanted layer thickness is 
only estimated, the interferometric fringe pattern would give more of a qualitative 
perspective than a quantitative result. Nevertheless, it can be a useful tool in 
gauging the properties of the implanted layer, such as the homogeneity, layer 
transitions and depth, and even the overall magnitude of the phase shift. Greater 
insight may be gained by employing a spectroscopic measurement technique. 
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2.4.3 Reflectance and Transmittance 
The simplest technique in obtaining the optical constants of a material involves 
measuring the reflection and transmission spectra from the sample. Born and Wolf 
(1964) describe that the reflectance R(λ) and the transmittance T(λ) of a crystal 
are determined by its complex refractive index )()()(~ λλλ iknn +=  (for the sake 
of brevity, the explicit dependence on λ will be omitted from here on). The 
formulae below are the Fresnel intensity reflectance and transmittance coefficients 
for an air/sample interface at normal incidence. 
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Thus, in principle, by measuring R and T it is possible to determine the 
wavelength dependence of n and k by inverting the analytical expressions for R 
and T (Abeles 1972). However, even on bulk samples, the effects of multiple 
reflections and resultant additional transmissions through the sample must be 
considered; neglecting this correction leads to significant errors (Nichelatti 2002). 
Thus, the formulae above are in reality only the reflectance and transmittance 
intensity coefficients of a single face and should be denoted as RF and TF. For a 
simple homogeneous thin-film measurement, formulae exist to account for the 
multiple reflections (Nichelatti 2002) and given the thickness of the thin-film, h, it 
is easily possible to extract the refractive indices: 
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Depending on sample size, the measurement itself is quite straightforward, 
although the configuration of the equipment may require additional 
considerations. It is necessary to measure both reflected and transmitted spectra 
simultaneously to eliminate fluctuations in the reference intensity. The setup 
usually involves the placement of the sample in the optical path of the source and 
transmission detector. The reflection spectrum is captured by a second detector, 
located near the source at a small angle. Ideally the sample with its normal 
bisecting this angle and the detector should be large enough to absorb the multiple 
reflections from the sample which of course would be slightly offset spatially 
from the principal reflection. 
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2.4.3.1 Complementary 
Complementary measurements of reflectance and transmittance in ion implanted 
diamond, to obtain the change in refractive index, have been conducted by two 
research groups in the past (Hines 1965; Bhatia et al. 1998). Both authors used 
self ions of carbon to produce damage for different ion fluences; however while 
the results of Bhatia were spectroscopic over all measurements of ion fluences, 
the results of Hines are for one specific fluence or for one specific, though 
unspecified, wavelength. 
 
Beginning with the works of Bhatia, the formulae as outlined by Procarione and 
Wood (1970) used for the extraction of the optical parameters, n and k, from the 
reflectance and transmittance intensity coefficients are simplified, yet using 
unjustified assumptions (Swanepoel 1983) in regard to the level of optical 
absorption. Furthermore, the recorded high optical transmission of the sample 
would indicate the necessity of accounting for the internal reflections within the 
sample according to Nichelatti (2002). 
 
The detailed implantation procedure is outlined in the work cited. To summarise, 
a single diamond sample was used, being implanted at a desired fluence by a 
beam energy reduction technique, resulting in a theoretically homogeneous 1iµm 
layer of damage. The theoretical vacancy profile, shown in Figure 2.4.3.1, is taken 
from the work cited. Apart from being a representation of the shape of the 
vacancy distribution, the value of the vacancy concentration is three times lower 
than predicted by SRIM with the displacement energy set to Ed = 52ieV. The 
displacement energy of diamond is quoted to be between 50ieV (Hoffman et al. 
1991) and 55ieV (Prins et al. 1986), with 52ieV being the most citied (Kalish et 
al. 1999a) value. If the SRIM simulation had been conducted using the default 
setting (Ed = 28ieV), the vacancy concentration would be about six times greater 
than that shown in Figure 2.4.3.1. The projected ion range indicates that the 
material density was correctly set. 
 
The author notes that the implantations were conducted at LN2 temperatures, 
where indeed more vacancies are present than at room temperature (Khomich et 
al. 2007), however SRIM assumes implantation at 0 K, and no function is 
available in SRIM to set the implantation temperature. Thus implanting at 77 K 
would only slightly decrease the vacancy concentration given by SRIM; if at all as 
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even interstitial migration is not present below 150 K (Prins 1983). The difference 
in vacancy concentration given by Bhatia to that of the theoretical approximation 
is a factor of three; the reason for this remains unclear. 
 
 
FIGURE 2.4.3.1: Calculated damage profile of carbon-ion irradiated diamond at a set of 
energies within the range of 80-1500 keV (SRIM). (Bhatia et al. 1998). 
 
Furthermore, it is known (Laânaba et al. 1995) to be exceptionally difficult to 
produce such a damage profile in an actual experiment, due mostly to the 
difficulty of accurately monitoring the incident ion fluence; a charge collection 
method is usually employed, which has inherent errors (Cainns et al. 1976) due to 
secondary electron emission, and is greatly affected by the sample’s conductivity. 
 
Once the sample had been implanted, the optical studies were conducted. 
Thereafter, a surface layer with a thickness of about 3 µm of the diamond was 
etched by oxygen bombardment in order to remove the damaged surface layer and 
to start the next irradiation cycle at a higher fluence. The author claims that before 
the subsequent irradiation, a complete analytical run on the etched crystal was 
taken, and no residual damage, introduced by the channelling measurements 
themselves or otherwise, was detected. However, following the oxygen etch, there 
is no mention of surface roughness. Although not necessarily applicable for the 
initial implant at the lowest fluence, the oxygen etch would mar the surface as it is 
a very coarse process (Nasser-Faili et al. 2000). Surface roughness greatly affects 
(Bennett and Porteus 1961) the reflection but not so much the transmission. By 
analysing the trend of the measured reflectivity with respect to ion fluence the 
following plot, seen here as Figure 2.4.3.2, is generated. 
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FIGURE 2.4.3.2: Plot showing the general relative trend of refractive index (and also 
reflectance) with respect to ion fluence of the measured spectral range (the 
lines serve to guide the eyes). 
 
Clearly no reasonable trend exists. By comparing the reported refractive indices to 
the reflectivity data the same behaviour is observed. In fact, it is only a scaled 
version of the reflectivity plot, clearly indicating that simplified formulae for 
refractive index as only a function of reflectance are used; an unjustified 
assumption as described earlier. 
 
The transmission spectra on the other hand show clearly the proportional 
dependence on ion fluence. The trend is monotonic and reasonable over a large 
spectral range; only in the IR band does this relation break down, mostly owing to 
the decrease in detector efficiencies reported (Humphreys et al. 1985) at such high 
wavelengths for the employed spectrophotometer. Nevertheless, the absorbance 
coefficient, α, is far less influenced by variations in the reflectance, and indeed 
can be inferred solely from transmittance spectra for low fluences, i.e. low 
absorption (Swanepoel 1983). Hence, as a result the reported values for the 
absorbance are reasonable. 
 
The author attempts to present the optical properties in terms of vacancy 
concentration. It should however be noted that the discrepancy in the equivalent 
vacancy concentration between the theoretical SRIM values and those calculated 
from the reported data, is further reinforced by the observations made between the 
third and second highest fluences. The author reports “a drastic change in the 
atomic arrangement of the sample must occur”. This is indeed true; however only 
at the given fluence range when the vacancy concentration is calculated using the 
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value Ed = 52ieV, which gives a mean vacancy distribution of 1.1 vac/ion/nm, as 
seen in Figure 2.4.3.3, and not 0.4 vac/ion/nm as claimed by Bhatia. 
 
FIGURE 2.4.3.3: The TRIM vacancy distribution profile of 1.5 MeV Carbon. 
 
It is known that the amorphisation threshold for diamond, DC, is higher for 
implantations at lower temperatures (Khomich et al. 2007) and also at greater 
implantation depths (Draganski et al. 2006). These two factors contribute to a DC 
valve in excess of 1023 vac/cm3. Hence, the values of ion fluence reported by the 
author are correct; however the equivalent vacancy concentration is not. 
 
Given this, by using the correct values for vacancy concentration it emerges that 
for the two highest fluences, the vacancy concentration is greater than the atomic 
density of diamond of 1.77×1023 atoms/cm3 (Field 1992) and in fact the second 
highest fluence is approximately equal to the theoretical maximum hard sphere 
packing faction of pi/6 (52.36% vol/vol). At these fluences ion sputtering is almost 
equal to the implantation flux. Target ions are stripped away from the surface 
while the thickness of the implantation layer is increased as the layer is now 
completely amorphised and possesses a much lower density than diamond or 
graphite (Kalish et al. 1999a). 
 
The ion sputtering affects the surface topology, thereby decreasing the reflectance. 
This is also seen by the decrease in refractive index compared to the 3rd highest 
fluence and the similarity between the two highest fluences, coupled with the 
decreased transmittance due to the increase in the layer thickness. The author, by 
mistakenly assuming an incorrect vacancy concentration, could not make these 
correlations. 
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The second measurement, though within a more limited parameter space, was 
reported by Hines in 1965. In the experiment, Hines measured the refractive index 
of as-implanted diamond from 20 keV carbon ions over an optical spectral range 
of 450 to 650 nm, though over a narrow range of ion fluences of just over one 
order of magnitude. The results showed an increase in the refractive index by as 
much as 5%. However, the experimental results suffer from many unjustified 
assumptions and some incomplete theories current at the time, as well as some 
technical aspects which have since then seen marked improvements. 
 
Converting the ion fluence to a more universal property of vacancy concentration 
as outlined in Section 2.3, the range of Hines’ experiment is from approximately 
1×1021 – 4×1022 vac/cm3; essentially centred on the value of the amorphisation 
threshold of ion-implanted diamond of 1×1022 vac/cm3; in this region the diamond 
has become highly disordered and absorbing. The upper limit of the experiment 
was influenced by the formation of a hydrocarbon film on the sample, which was 
corrected for at lower fluences – this is now avoided with improved ion pumps 
(Harra 1974) – while the lower limit was set by the sensitivity of the photovoltaic 
cell used for measuring light intensity. 
 
In calculating the refractive index Hines assumes a uniform depth profile. From 
SRIM it is known that the damage profile is far from uniform; it is more Gaussian 
in the energy regime used. Hines’ use of the formula for the reflection coefficient 
is highly sensitive (Heavens 1955) to changes in the film thickness, d, which also 
affects the determination of the absorption coefficient, α and hence k; a complex 
index of refraction also affects the reflectance (Born and Wolf 1964) coefficient 
and not just the transmittance (Macleod 1986) coefficient. Thus for different 
combinations of absorption and thickness, there exist different values of the 
refractive index that will give the same measured reflection coefficient; especially 
for films thinner∗ than λ/2 (Seredenko and Murashko 1993). 
 
Another interesting result of Hines was the reversion of the refractive index upon 
annealing back to that of pristine diamond. This in itself is no surprise as it has 
been established that diamond can be repaired by thermal annealing (Kalish et al. 
1999a) if implanted below the critical graphitisation threshold. The interesting 
point however is that the data set used for the results is denoted to be for an ion 
                                                 
∗
 Essentially ∆R ∝ ∆k∆d . As the thickness increases ∆d decreases thus ∆k would increase, however 
incorrect values of k and R would be obvious. 
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implantation fluence twice above the graphitisation threshold for annealed 
diamond. This perhaps suggests that the quoted ion fluences may be indeed 
overstated, by as much as a factor of 10 based on comparing the stated absorption 
coefficients with those more recently reported (Bhatia et al. 1998). The ion 
fluences were calculated by measuring the ion current in the ion-beam apparatus; 
however the beam rastering device reduces this current, perhaps more than the 
author expected. 
 
Also of note is the reported variance between different samples. The author makes 
only a mention of the origin of diamonds, indicating that these are natural clear 
diamonds not yet identified as to type. Although the diamonds contain varying 
counts of impurities, and the author acknowledges that this might be the cause of 
the variance, to date the reported differences in refractive index in natural 
diamond have not been shown to be significant without affecting the colour 
(Zaitsev 2001). Since these diamonds were clear, the variance is more likely due 
the effect of different ion ranges implanted into differently orientated facets of the 
diamond, while ion channelling may also be present. 
 
To maximise the range of ion fluences across a single sample would require 
smaller implantation areas. Most conventional spectral reflection and transmission 
measurements, such as those employed above by Hines and Bhatia, utilise a large 
beam spot of over 1 mm diameter; the implanted areas would be much smaller 
than that. It is possible to narrow the beam, though this creates difficulties in 
alignment with the implanted area, and also reduces the beam intensity. Micro-
reflectance measurements, in which the irradiance of the light source is much 
higher, might be required, such as those described by Park et al. (2002). 
 
Furthermore, many factors can influence transmission values, leading to large 
errors in the calculated values of n(λ) and d, and hence the calculation of k(λ). 
The method devised by Swanepoel (1985), for determining the refractive index 
and thickness of thin films from only wavelength measurements, works best in the 
region where k2 « n2; in this case the accuracy of the method is better than 1%, but 
falls away rapidly as k increases. Another approach (Martínez-Antón and 
Bernabeu 1994) utilises spectro-goniometry and something the authors call the 
“WANTED” method (Martínez-Antón and Bernabeu 1996). Very accurate results 
were obtained by this method (Martínez-Antón and Bernabeu 1998), however the 
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limiting factor of this method, for the purpose of this thesis, is that it applies to 
thicker films (thickness d > 0.71 λ0). 
 
2.4.3.2 Micro-reflectance 
To date a measurement of the refractive index of diamond using micro-reflectance 
has not been attempted. The technique is widely used in, and indeed is most suited 
to, the measurement of the spectral response of anti-reflectance films (Park et al. 
2002) and photonic (Wang et al. 2005) or colloidal (Park et al. 2006) crystals. A 
simple yet effective method described by Park and detailed here in Section 
4.2.2.3, involves the use of a 2x1 optical fibre coupler. This removes the need for 
beam-splitters, additional fibre couplers, and objective lenses for beam 
collimation and focusing, resulting in a reduction of interface losses of the light 
intensity. An overview of the setup and theory is presented in Chapter 4. 
 
Conventional applications of this technique do not necessitate great accuracy in 
the intensity measurement; the spectral resolution of the spectrometer is the key 
requirement in determining the operating wavelength and bandwidth. However, 
by employing superior equipment of high sensitivity and low noise, subtle 
variations in intensity should be resolvable. This will improve the determination 
of the material's reflectance coefficient, extracted from the intensity 
measurements, and consequently the refractive index. 
 
Before embarking on the use of micro-reflectance, other reflectance-only 
techniques were investigated: Swanepoel (1985); Martínez-Antón and Bernabeu 
(1994). These in turn led to other bodies of work by these authors regarding the 
determination of optical constants from easily measureable transmission spectra. 
 
2.4.3.3 Spectral Transmittance 
The absorptive behaviour of ion-implanted diamond was first observed by Clark 
et al. (1956). The dispersive refractive index n(λ) and thickness d of thin films are 
usually determined from measurements of both transmission and reflection values. 
However the detector/sample arrangement for simultaneous acquisition of both 
the reflectance and transmittance data introduces inaccuracies from the 
assumptions regrading the required angular off-set, as the light source and 
detector cannot be in line. The simplest form of this technique is a straightforward 
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transmittance measurement recording the amount of light power (intensity) 
transmitted through a sample of known optical properties, and comparing to the 
intensity transmitted through the unknown sample. 
 
Obtaining the optical properties from reflection measurements alone can be done 
by collection of spectra from multiple angles and applying formulations; two such 
methods have been developed for determining the refractive index of a film on a 
substrate, one offers an analytical approach (Swanepoel 1985), the other utilises 
spectro-goniometry (Martínez-Antón and Bernabeu 1994). These two researchers 
have extended their formulations to obtain the optical properties from 
transmission-only measurements; though while Martínez-Antón and Bernabeu 
(1996) expanded on their reflection work, Swanepoel (1983) on the other hand 
first achieved the framework for transmission-only measurements before 
progressing to reflection. Both of these methods have been expanded to deal with 
surface roughness and inhomogeneities in the film (Swanepoel 1984; Martínez-
Antón and Bernabeu 1998). Although the reliability and accuracy of both methods 
is better when interference fringes arise from the film, they are still applicable in 
the interference-free regime. 
 
The limitations lie in the minimum required film thickness; in the WANTED 
method of Martínez-Antón and Bernabeu (1996) the minimum film thickness is 
given by 071.0 λ≥d . In the spectral range of 600 – 1700 nm this would equate to 
a film thickness range of about 0.5 to 1.5 µm, a difficult thickness to realise in 
diamond by ion implantation. In the work of Swanepoel (1983) the minimum 
thickness is not explicitly stated, however the calculations focused on thicknesses 
of about 1000 nm. 
 
The Swanepoel approach presents analytical solutions to calculating the optical 
absorbance x(λ) from various transmission spectra; selection of the appropriate 
spectrum depends on film properties. If the film is uniform, it can give rise to 
interference fringes; the transmittance oscillates within an analytically defined 
intensity envelope, thus giving two transmittance spectra, Tmax and Tmin. The two 
spectra are derived as follows: 
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where s is the refractive index of the substrate. Note, the wavelength dependence 
on all variables is implicitly implied. The interference-free transmission is given 
by Tα; it is the geometric mean of Tmax and Tmin. Alternatively, the harmonic 
mean, Ti, can also be used in the calculations; all the curves are equal when 
absorption is high. The expressions for the mean spectra are given below: 
minmaxTTT =α  
minmax
minmax2
TT
TTTi +
=  
The author refers to the quantity x(λ), as defined below, as the optical absorbance. 
Technically this actually defines the bulk-transmittance, while absorbance is duly 
defined as ln(1/[bulk-transmittance]) = αd. However, to also avoid confusion in 
the later parts of this thesis, the term x(λ) is referred to as the nett-transmittance. 
Thus, the nett-transmittance is related to the extinction coefficient k(λ) by: 
)exp( dx α−= ⇒ dx −= /)ln(α , 
since 0/4 λpiα k= ⇒ )4/(0 piαλ=k  
 
Calculations of n(λ) when absorption α(λ) = 0, hence nett-transmittance x(λ)i=i1, 
are trivial; when absorption is present assumptions regrading the spectral 
dependence of the absorption are required. The basis for the Swanepoel method 
arises from the assumption of treating the transmission spectra, Tmax and Tmin, as 
dampened oscillators, where the dampening coefficient is the absorption α(λ). 
 
For weak to medium absorption (for α < 104 cm-1) the refractive index, n(λ) is 
found by subtracting the reciprocal of both spectra; yielding an expression that is 
independent of x(λ). By solving the harmonic mean, the expression simplifies to a 
quadratic, and given n(λ) the nett-transmittance x(λ) is easily calculated. 
 
In the absence of interference fringes the nett-transmittance x(λ) can be derived 
from the geometric mean, Tα, of Tmax and Tmin. The interference-free transmission 
Tα is used to estimate n(λ) by assuming α = 0; the nett-transmittance x(λ) is then 
derived by solving a sixth-order polynomial. Similarly, when the absorption is 
high, n(λ) and x(λ) cannot be calculated from the transmission spectra alone; n(λ) 
can be estimated from parts of the spectrum where the absorption is lower and 
x(λ) can then be approximated. 
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The author claims an accuracy level of order 1%; not enough to determine the 
optical properties of ion-implanted diamond, but adequate for gauging the 
evolution of the trend with respect to ion-fluence. However, the validity of this 
method for thinner films did not yield a promising outlook. Completing the 
calculations based on the interference-free transmission, Tα, showed rapid 
divergence away from a pseudo-physical test model as the thickness decreased 
and absorption increased. However, as the ion implantation geometry had not yet 
been settled on, the Swanepoel method remained a viable option for this thesis. 
 
The alternative proposal was to extract the variation in the transmittance spectra 
and perform a qualitative comparison to the absorption as determined by 
ellipsometry. Details are given in Chapter 5, but in short the procedure is 
summarised as follows. Values for the transmission of each implanted area are 
normalised to those obtained for the bulk diamond measurement. To account for 
the amount of light reflected at each interface the reflection coefficients are 
calculated for the refractive index data gathered from ellipsometry. The resultant 
value is the nett-transmittance ))(exp()( dx λαλ −= . The data can then be 
compared using the k-values for ellipsometry to calculate x(λ). 
 
Due to accumulating errors, the calculations end at x(λ); comparison of the 
measured and theoretical (from ellipsometry) transmittances, or alternatively 
calculating k(λ) from the transmittance data would yield a poor comparison. The 
transmission values can be influenced by many factors, leading to large errors in 
the calculated values of n(λ) and d, and hence the calculation of k(λ). 
 
Thus, the purpose of the transmission measurements in this thesis was to derive 
the relation between absorbance and ion fluence, and thus compare this trend to 
the trend obtained from white light reflectometry, electrical conductivity and 
ellipsometry; all of which showed the same dependence on ion fluence as is 
discussed in Chapter 5. 
 
2.4.4 Ellipsometry 
Ellipsometry is a method for determining the properties of a material from the 
changes in the polarization characteristics of elliptically polarized incident light 
reflected from its surface (Aspnes 1985). These changes can be expressed by the 
ellipsometric angles Ψ and ∆, which are related to the magnitude and phase of the 
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complex reflectance ratio ρ = Rp/Rs = tan(Ψ)exp(i∆); where the parameters Rp and 
Rs are the complex amplitude reflection coefficients for parallel and perpendicular 
polarization of the light, respectively (Azzam 1977). The calculations are 
applicable to multiple films, although the refractive index and thickness of only 
one film can be determined from each ellipsometric measurement – strictly, only 
two unknown parameters can be determined. 
 
If there are a number of films superposed on a substrate of effectively infinite 
thickness, the layers can be labelled from the surface into the bulk of the material 
as the jth, (j+1)th, etc. film, so that the reflection coefficients between the jth and 
(j+1)th layer are given by (McCrackin 1969): 
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The thickness of the jth layer is denoted by dj, whereas Nj is the complex refractive 
index of the jth layer and λ is the free space wavelength of the ellipsometer light. 
The angle of incidence of the light is given by β, thus njsinβji=iNj+1sinβj+1 where 
Nj+1 is the refractive index of the adjacent medium. A similar expression holds for 
R(j,j+1)s and thus the generalized Fresnel reflection coefficients are:  
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In practice Ψ and ∆ are not the parameters which are measured experimentally. In 
one particular mode of operation, one sets β at the Brewster angle for the substrate 
material under observation, the reflected light from the pure dielectric material's 
(substrate) surface gives light plane polarized parallel to the surface. A modified 
surface layer or thin film will give elliptically polarized light after reflection, with 
an ellipticity ε, and a rotation of the plane of the major axis θ, relative to the plane 
of incidence. 
 
These two parameters ε and θ are measured experimentally. The ellipticity is 
described by the ratio of the minor to major vector amplitudes. With the 
ellipsometer set at the Brewster angle the experimental values of θ and ε can be 
related to Ψ and ∆ by the equations: 
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∆ 2 = tansintan2 θε   and  ∆=± cos2tan2tan ψθ  
The complex refractive index can then be determined for each layer from the 
ellipsometric parameters θ, ε and the thickness d of the film. However, there are 
an infinite set of combinations of n, k and d that would give the same values of θ 
and ε. By obtaining values of θ and ε over a range of wavelengths, ultimately a 
single set of material parameters will fit the data. Thus, it is desired to connect the 
measured θ(λ), ε(λ) points by some law. 
 
A number of dispersion laws (formulas), were developed for describing k(λ), most 
based on a quantum-mechanical approach. Each can consist of from two to more 
than two dozen parameters. If, in addition, the Kramers-Kronig dispersion relation 
is used to derive the refractive index n(λ) from k(λ), the number of independent 
parameters is reduced significantly. 
 
Computer software (usually supplied with the ellipsometer) with a nonlinear 
parameter fit program is applied to model the material profile and convert the 
ellipsometric data to an index profile. In the calculations of the layers j, (j+ l), 
(j+2), etc. down to the substrate, the profile is built up by first evaluating the layer 
on the substrate and then sequentially superposing the other layers, calculating 
each one in turn, until the sample surface is reached. When investigating samples 
with complicated geometries, spectroscopic measurements are an essential 
component for any ellipsometric analysis. 
 
2.4.4.1 Spectroscopic Ellipsometry 
Spectroscopic ellipsometry (SE) measures the change in the polarization state of 
light reflected from the sample at each wavelength simultaneously. It is one of the 
most utilised (Tompkins and McGahan 1999) measuring methods to analyse solid 
surfaces, interfaces and buried layers, because it is a non-invasive optical method 
and needs no reference samples for calibration. Thus, thin film and material 
property measurements have become primary applications of spectro-
ellipsometric techniques (Mori et al. 1995). A more detailed explanation is given 
in Chapter 4. 
 
There are many direct advantages of using SE. At present, spectro-ellipsometers 
of two types — with phase modulation of the polarization state (Vallon et al. 
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1995) and with rotating polarization elements (Hilfiker and Synowicki 1996) — 
are produced. The predominant use of ellipsometers of the second type is 
explained by their relative simplicity, lower cost, and the possibility of matching 
to multi-element photodetectors. However, the heightened level of vibrations 
caused by the presence of the rotating analyser (polarizer) decreases the signal-to-
noise ratio. Moreover, the presence of the polarization component of the radiation 
source and the polarization dependence of the photodetector sensitivity and 
optical activity of polarization elements can give rise to errors in the measurement 
data. 
 
Since 1999 (Kovalev et al. 1999) an alternative method of ellipsometric 
measurements has been realised; (two-channel) binary modulation of the 
polarization state (BMPS). The JY ellipsometer used in the present work was of 
this type; combining the absence of moving polarization elements with high 
sensitivity and stability of measurements. The key element in the BMPS 
ellipsometer is the polarization state switch, which converts a mono-chromatic 
light beam into a sequence of orthogonally polarized beams, with linear 
polarization azimuths P and P+90°, directed onto the sample under investigation. 
 
Furthermore, the beam reflected from the sample is split by a prism into two 
orthogonally polarized beams, with linear polarization azimuths A and A+90°, 
which are directed to the photodetectors. The two-channel scheme with 
simultaneous recording of the intensities of both polarized light beams decreases 
the influence of the radiation-source intensity fluctuations and considerably 
increases the signal-to-noise ratio. 
 
A detailed discussion of the relevant mathematics and the reasoning behind the 
selection of Polarizer, Modulator and Analyser angles is presented in Chapter 5. 
In short, for the ellipsometer with a polarizer-sample-analyser configuration the 
intensity of light on the photodetector is recorded for each of the four possible 
combinations of the polarizer and analyser azimuths (P and A, P and A+90°, 
P+90° and A, and finally both P+90°and A+90°). Thus the SNR is improved four-
fold by use of the BMPS alone (Kovalev et al. 2002), omitting of course the 
beneficial contribution due to the absence of moving polarization elements which 
is not readily quantifiable. Modelling of the sample geometry, the fitting 
parameters and the fitting procedure are described in Chapter 5; the mathematical 
explanation of the fitting is described as follows. 
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From the measurements, the ellipsometric values of Ψ and ∆ are used with the 
chosen model of the sample, to calculate the parameters of each layer from the 
known ellipsometric equations (Azzam 1977). Regression algorithms are used to 
vary the unknown parameters and minimise the difference between the generated 
and experimental data. The best agreement between the calculation and the model 
is determined by the minimum value of the generalised function ξ characterising 
the quadratic deviation of experimental (superscript exp) and calculated 
(superscript cal) values of the ellipsometric parameters determined at the same 
wavelength λj (Aspnes and Studna 1983): 
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Here N is the number of measured [tan(Ψ), cos(∆)] pairs (experimental points). 
 
The actual fitting procedure of the software uses a non-linear regression method 
based on the Levenberg-Marquardt algorithm, which minimises the value of the 
following weighted residual (Theeten and Erman 1982): 
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Again N is the number of measured [tan(Ψ), cos(∆)] pairs and m the number of 
parameters. The quantities σtan(Ψ),i and σcos(∆),i are the assumed errors in tan(Ψ) and 
cos(∆). Their values, as preset in the software, are 0.005 and 0.01, respectively. 
 
The success of spectral ellipsometry has been demonstrated for a variety of 
conditions. An investigation into the reflectance properties of multilayer 
heterostructures revealed the inaccuracy of calculating reflectance spectra from 
the known values of refractive index for individual layers (Kovalev et al. 2002). 
These ZnS/ZnSe multilayer heterostructures were formed by the chemical gas-
phase deposition method on GaAs-substrates. The refractive indices were found to 
be different due to the lattice mismatch at the bonding site. A comparison of the 
calculated reflectance spectra from the known single layer analysis and those 
calculated from ellipsometry to actual reflection measurements showed superior 
fits from the ellipsometry data. 
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The effect of surface roughness can have significant consequences on the 
calculated spectra. A study (Canillas et al. 2001) of tetrahedral amorphous carbon 
(ta-C) films, both pure and doped with nitrogen (ta-C:N), deposited on crystalline 
silicon (c-Si) substrates in a filtered cathodic vacuum-arc system, revealed the 
need for including a surface roughness layer as well as selecting the appropriate 
dispersion law for the material model. Such films closely resemble the implanted 
Sumi-crystal diamonds used in this thesis; mostly sp3 bonded carbon with some 
sp2 bonding, presence of nitrogen, all on a high refractive index crystalline 
substrate. The results of film thickness were verified by X-ray reflectivity, 
validating the strength of the regression given by Theeten J.B. and Erman (1982). 
 
Ellipsometry on ion-implanted materials is much more complex due to the nature 
of the implanted ion (and resulting damage) distribution in the material. However, 
for certain situations the nature of this damage favourably satisfies some of the 
ellipsometric criteria for simple measurements. The following section describes 
three different ion implantations into different materials, why ellipsometry was 
successful in extracting the optical constants of the modified material, and what 
information can be gleaned from these studies and applied to this thesis, to enable 
the accurate extraction of the complex refractive index of unannealed ion-
implanted, single-crystal diamond. 
 
2.4.4.2 Ellipsometry on Ion-Implanted Materials 
Ellipsometry ideally requires the layers to be homogeneous, optically thick and 
atomically abrupt at the interfaces. It is also advantageous if the layer being 
investigated is on the surface, although this is not essential. Of the three studies 
considered here, all were optically thick, i.e. the thickness of damage layer is 
greater than the skin depth of visible light in the amorphised material under study. 
Two had a damage distribution that extended from the surface, while the one that 
didn’t had been annealed to produce a sharp interface beneath a cap layer. 
 
In the two cases where the damage concentration is already high at the surface of 
the implanted sample, the interface problem is not present. The top 
surface/damage interface is sharp (after all it is the outermost extent of the 
crystal), while the back interface is never seen by the probing radiation (light 
beam), thus the only obstacle to overcome is the homogeneity of the damage 
within the target material. 
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Bayly and Townsend (1973) conducted an ellipsometric study of refractive index 
profiles produced by 300 keV Ar ion implantation into silica glass. The samples 
were unannealed and implanted to a very high dose; making the implanted area 
completely opaque. The TRIM damage profile is shown in Figure 2.4.4.1. 
 
FIGURE 2.4.4.1: TRIM damage profile for 300 keV argon ions implanted into silica. 
 
Mono-energetic ellipsometry was performed on the whole sample, followed by 
measurements of successively exposed layers into the sample. The layers, 
approximately 50inm at a time, were removed by HF etching while the thickness 
of the removed layer was measured accurately by multiple-beam interferometry. 
The range of the ions coincided well with the TRIM prediction. 
 
The refractive index profile was established from the sectioned measurements, 
while attempts were made to fit the ellipsometric data from the intact 
measurement. By assuming a homogeneous mono-layer representation of the 
damage layer and then varying the thickness of that layer in the model, Bayly and 
Townsend showed that the mono-layer approximation does not hold over the 
whole implanted layer thickness (500 nm). The result is not surprising considering 
the depth of the implant and the spatial variation in the damage profile. 
 
Considering that the optical skin depth (twice the penetration depth) of 
amorphised silica is 168 nm (Gamaly et al. 2001) the ellipsometer cannot probe 
down to such depths. Furthermore, the extent of the damage is changing rapidly 
compared to the wavelength, thus the ellipsometer sees a largely varying 
refractive index; a spectroscopic measurement may have provided better results. 
However, Bayly and Townsend showed that measuring 50inm or so at a time and 
assuming a stacked profile of mono-layers produces an accurate description of the 
refractive index profile. 
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Spectroscopic ellipsometry measurements to analyse the damage, and determine 
the dielectric functions, of single-crystal GaAs partly amorphised by 270 keV 
arsenic ion implantation were conducted by Erman et al. (1984). The purpose was 
to test the accuracy of effective medium theories, i.e. physical mixing models, and 
to propose an alternative dispersion model to describe the spectra as analytic 
functions of a single parameter related to the amount of damage. 
 
The TRIM damage profile is shown in Figure 2.4.4.2. The samples were 
implanted at fluences where the thickness of the damage layer is greater than the 
skin depth of GaAs; the skin depth of crystalline GaAs is 128 nm; any 
amorphisation would decrease this value (Keay et al. 1999) 
 
FIGURE 2.4.4.2: TRIM damage profile for 270 keV arsenic ions implanted into single-crystal 
GaAs. The profile is shown on the same scale as in Figures 2.4.4.1 and 
2.4.4.3, while the inset depicts the same profile on a larger scale to show 
detail. 
 
The authors determined that the dielectric functions cannot be described as 
physical mixtures of amorphous and crystalline GaAs, i.e. the Bruggeman 
effective medium approximation (EMA), or similar mean-field theories, do not 
hold true. Instead they proposed the use of a quantum-mechanical treatment of a 
finite sum of harmonic oscillators to represent the dielectric functions based on 
the formulations derived by Ehrenreich and Cohen (1959). As a side note, the 
dispersion formulation used in this thesis also arose from an even further 
expansion on the Ehrenreich and Cohen treatment; it is detailed in Chapter 5. 
 
Due to the thickness of the damaged layer, the ellipsometric model consisted of 
five layers (approximately 50 nm thick), plus a surface roughness layer, to 
accurately depict the dielectric functions. The results were verified with an 
additional experiment involving the implantation of 10 keV Be ions into GaAs; 
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ellipsometry was performed on the whole sample and on individual layers, that 
were stripped by acid etching 10 nm at a time, to a depth of 100 nm. In this case, 
the assumption of material homogeneity over a 20 nm thickness held well when 
compared to the data obtained from the layer by layer measurements. 
 
Of most relevance to this thesis, the only reported success of measuring the 
refractive index of ion-implanted diamond using ellipsometry relied on the fact 
that the sample had been annealed (Khomich et al. 2005). In that study, on buried 
graphitised layers in ion-implanted diamond, measurement attempts on as-
implanted samples did not yield results. This null result could be explained by 
improper selection of the dispersion model; the harmonic behaviour of amorphous 
carbon and graphite are quite different (Jellison 1998). 
 
FIGURE 2.4.4.3: TRIM damage profile for 350 keV helium ions implanted into diamond. 
 
Furthermore, the implantation of 350 keV helium ions into diamond results in a 
buried layer of amorphous material, about 200 nm in thickness, located 600 nm 
below the surface. Although the thickness is greater than the skin depth (Elman et 
al. 1982), the gradual increase of the damage distribution (as seen in Figure 
2.4.4.3) would have enough of an effect on the probe light to impact on the quality 
of the measurement. 
 
In fact results were only obtained at a vacancy concentration well above the citied 
(Orwa et al. 2000) amorphisation threshold of diamond, where the thickness was 
over 200inm, hence optically opaque. These were buried structures of modified 
diamond, annealed at almost 1900 K in a high vacuum to a point of forming a 
sharp interface with the surrounding bulk material, similar to the image shown in 
Figure 2.2.2.4. Nevertheless, by utilising the method of spectroscopic ellipsometry 
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with binary modulation of the polarization state, the imposed rigorous conditions 
can be relaxed given a well thought out design of the implanted layer. 
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FIGURE 2.4.4.4: The optical parameters: (left) refractive index, n, and (right) extinction 
coefficient, k, for: (top) Ellipsometry by Khomich et al. (2005) of ion-
implanted and annealed diamond. (bottom) Citied values for graphite from 
Draine and Lee (1984) and diamond from Zaitsev (2001). 
 
From the results, measured in the wavelength range of 360 – 1050 nm, the values 
of the refractive index and extinction coefficient are close to those of graphite; in 
addition the dispersion curves very closely resemble those typical of graphite 
(Draine and Lee 1984) for both n and k as shown in Figure 2.4.4.4. Furthermore, 
conversely to diamond, the direction of dispersion tends towards lower energies 
(long wavelengths). In addition, the nadir in the dielectric function ε2 at around 
2.3 eV (540 nm), which is due to ∗→ pipi  transitions at 4 eV (Waidmann et al. 
2000) in the graphite bonding, leads to the dip in k, as is also present in the top-
right of Figure 2.4.4.4. 
 
The results are very encouraging, albeit for graphite, for displaying the 
effectiveness of spectral ellipsometry on ion-implanted layers. Nevertheless, to 
date the only study on as-implanted single-crystal diamond by ellipsometry is 
within the volume of this thesis. 
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2.5 Potential Applications 
As the scientific community’s understanding of quantum entanglement improves, along 
with the engineering of devices that exploit quantum technology, in an iterative process, 
knowledge of entanglement control increases. Notwithstanding the development of the 
scalable quantum computer, other areas of technology including; quantum 
communication (Davies 1977), quantum control (Belavkin 1983; Wiseman and Milburn 
1993; Rabitz et al. 2000), quantum key distribution (Bennett and Brassard 1984; Ekert 
1991), teleportation (Bennett et al. 1993), entanglement-based frequency standards 
(Huelga et al. 1997), and quantum lithography (Boto et al. 2000), will all require the 
development of technology to isolate individual quantum centres for selectively 
addressing, to controllably mediate interactions between individual centres, and to read 
out the quantum states of single centres. 
 
Diamond has the potential for robust systems, where the quantum coherence can be 
interacted upon, stored, and then extracted into the outside world. The ability to 
fabricate waveguide input–output mirrors in single-crystal diamond and establishing the 
capability for coupling the NV centres to cavities/photonic bandgap structures can be 
achieved using ion implantation techniques to modify the refractive index of diamond. 
 
Certain aspects of the work reported within this thesis can be found in literature 
pertaining to quantum information processing (QIP) and diamond photonics, including 
such areas as projections for the critical components necessary for diamond-based 
quantum coherent devices (Greentree et al. 2006a), studies into the coherent population 
trapping in diamond NV centres at zero magnetic field (Santori et al. 2006a), which led 
to further investigations into using electromagnetically-induced transparency (EIT) in 
diamond for quantum information processing (Santori et al. 2006b) and advances in the 
ability of creating diamond colour centres for quantum optical applications 
(Waldermann et al. 2007). 
 
Furthermore, direct results from this thesis have aided in the design of flexible 
ultrahigh-Q microcavities in diamond-based photonic crystal slabs (Tomljenovic-Hanic 
et al. 2008). Furthermore, thanks to the finding that the refractive index of diamond can 
be modified in either direction from its pristine value, the results can be incorporated 
(Tomljenovic-Hanic et al. 2010) into the design of ultrahigh-Q photo-induced cavities 
in defect-free photonic crystal slabs. 
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As described by Greentree (2006a), ion implantation offers the possibility for the direct 
placement of NV centres in diamond with nanometre scale precision using technologies 
developed for the placement of single phosphorus donors in silicon (Jamieson et al. 
2005). However, unlike the case of silicon, for diamond, two alternative routes are 
available for the creation of NV centres; implantation of ions into diamond with 
intrinsic nitrogen and implantation of nitrogen into pure diamond. 
 
The technique described in this thesis is by the direct creation of vacancies by ion 
implantation into nitrogen rich type-Ib diamond; annealing the implanted diamond 
above 550˚C leads to the formation of NV centres (Zaitsev 2001, Nishida et al. 1989). 
With this technique, NVs are formed from the intrinsic nitrogen, so this method is best 
suited to creating clusters or small ensembles of NV centres. The intensity of the NV 
emissions are dependent on the vacancy concentration, hence ion implantation fluence 
and annealing temperature; it is important to note (Prins 1992) that interstitials only 
become mobile above 300 K, and vacancies become mobile at 800 K. 
 
Work from this thesis led to finding the optimal gallium fluence and annealing 
temperature for the most intense NV emission. It should be recognised that this 
technique does not allow for precise control of the number of centres in a given spot, 
and at best will produce pseudo-ordered arrays (created by a masking technique) in 
which locations on the array will have a small number of NV centres determined by 
Poissonian statistics. Nevertheless, it does allow rapid testing of many key fabrication 
parameters, such as, for example, the registering of transparent electrodes to small 
clusters, and the refinement of the optical detection techniques. Given the relative ease 
of identifying NV centres, post-selection of centres with the required characteristics 
may be a viable option for many applications. 
 
Waldermann in 2007 analysed the photoluminescence (PL) properties of a type-Ib 
diamond sample, which had been systematically implanted with helium ions over a 
wide range of fluences. Extracts from this thesis provided information into the 
behaviour of the PL signal from NV centres as a function of ion implantation fluences. 
The results led to revealing the suitable conditions, where the charge-conversion due to 
photo-ionization (Rabeau et al. 2006b) can be strongly suppressed, for which the NV− 
centre is a temporally stable absorber in the solid state, thus providing a generic scheme 
to store broadband photons in ensembles of colour centres in diamond via an off-
resonant Λ-transition. 
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Due to the high densities of NV centres created in ensembles, the coupling strength 
suffices for an implementation of such a quantum memory (Nunn et al. 2007) for use in 
quantum information processing. Furthermore, the ability to create single 
photoluminescence centres in diamond has promising applications in the development 
of hybrid optical solid state quantum devices. 
 
The photoluminescence measurements reported by Santori in 2006 of the effects of 
strain on the crystal-field splitting of the NV- colour centre ground states were compiled 
concurrently with the PL data described above. Coherent population trapping at zero 
magnetic field was observed for nitrogen-vacancy centres in diamond under optical 
excitation. The results demonstrated for the first time that three-level Lambda (Λ) 
configurations, that are suitable for proposed quantum information applications, can be 
realised simultaneously for all four orientations of the nitrogen-vacancy centre. This 
suggested that EIT and all-optical spin manipulation should be possible with NV centres 
even at zero magnetic field. 
 
The results showed that a small amount of strain, which can be introduced through ion 
implantation or other fabrication methods (Olivero et al. 2005), can determine whether 
spin-nonpreserving optical transitions are allowed; for strain along [100] axial direction, 
all four orientations can produce a similar Λ system. This proved that NV centres are 
flexible in their excited-state level structure, making them suitable for either single-spin 
readout through photoluminescence detection or for optical devices based on EIT and 
Raman transitions. 
 
From spectroscopic data acquired in the course of this thesis, Santori describes how a 
quantum non-demolition device based on electromagnetically-induced transparency in 
solid state atom-like systems can be realised. Such a resource, requiring only weak 
optical nonlinearities, potentially enables photonic quantum information processing that 
is much more efficient than QIP based on linear optics alone (Milburn 1989). 
 
The spectroscopic results indicated that the optical transitions in NV centres are 
generally not spin-preserving, while the measurement of strong anti-hole features 
indicated that it should be possible to isolate a good Λ-system even at zero magnetic 
field involving all four orientations of NV centres at once if so required. Furthermore, 
this has led to the perception that a four-level N system can be realised, thus offering a 
physical system for the realisation of the 4-state quantum non-demolition device. 
 
Chapter 2. Background and Insight 
Page 79 
In 2008 Tomljenovic-Hanic showed that ultrahigh-Q diamond-based PCS cavities can 
be designed by modifying the refractive index of the diamond substrate. The 
heterostructure type cavity is formed by reducing the refractive index in the diamond 
slab surrounding the cavity region by creating low doses of damage induced via ion 
beam implantation. By lowering the surrounding refractive index, the cavity zone 
remains free of damage, which aids the quantum properties of implanted centres. By 
creating a single step-index profile it is possible to design cavities with Q ≈ 106. By 
employing a slightly more complicated graded-index profile it is possible to design 
cavities with Q-factors as high as Q = 3×107. This value is around 30 times larger than 
previously reported designs in diamond (Kuramochi et al. 2006, Noda et al. 2007). 
 
Furthermore, the cavity volumes are still relatively small; less than two cubic 
wavelengths. This unique combination is a significant enabler for diamond quantum 
information devices, as this type of the cavity is extremely flexible; the range of 
parameters, namely cavity length and the refractive index difference, that enable a high-
Q cavity is quite broad. Furthermore this type of the cavity is post-processed, enabling 
cavity formation only around successfully placed NV centres. 
 
These diamond cavity designs are ideal for applications to quantum information 
processing tasks such as on-demand single-photon sources (Su et al. 2008a; Greentree et 
al. 2006b), and gates for photonic (Devitt et al. 2007) and matter-based (Su et al. 2008b) 
entanglement. Furthermore, access to these cavities may be realised by creating 
waveguides within the photonic structure. In addition, Tomljenovic-Hanic has recently 
(2010) shown new cavity geometries that allow for the formation of high-Q cavities 
based on air bands, which is a key advantage in sensor applications, thus both positive 
and negative refractive index changes can result in high-Q cavities. 
 
Thus from the work contained within this thesis, namely the ability to locally tune the 
refractive index of diamond for waveguiding and cativation, the assessment of the 
optimal NV concentration for efficient quantum memory addressing, and also the 
improvements in the creation of photonic crystal slabs and free-standing membranes in 
diamond, many concepts in quantum information processing and diamond photonics 
have been advanced and have been, or are about to be, realised. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
A round man cannot be expected to fit in a square hole right away. He must have time 
to modify his shape.  
 
 Mark Twain 
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Before the endeavour of determining the optical properties of ion-implanted single-
crystal diamond, a number of investigations were performed. These investigations help 
to shed light on the physical processes involved in ion implantation and the possible 
chemical reactions that may occur between the target and the implanted ions. By 
measurement of the topology and internal structure of the ion damaged region using 
profilometry and Raman scattering, a better understanding of the ion implantation 
process is achieved. 
 
Based on the determination that there is indeed a refractive index change in ion-
implanted diamond as mentioned in Section 2.4.2, simulations of possible waveguides 
that could be made by ion implantation were investigated using simulation software 
developed at the Photonic Research Laboratory, headed by Associate Professor Thomas 
Murphy at the University of Maryland (USA) – the program is called WGMODES - 
Optical Eigenmode Solver for Dielectric Waveguides (Fallahkhair et al. 2008). From 
this information, methods of creating physical waveguide structures are proposed. 
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3.1 Ion Implantation Induced Swelling 
It is well known that the surface of ion-implanted diamond swells; i.e. the diamond bulk 
undergoes volume expansion (Prins et al. 1986; Spits et al. 1990). This swelling is due 
to plastic rather than elastic deformation, reflecting the formation of vacancies and 
hence a decrease in material density. Due to the large difference in density between 
graphite ρ = 2.25 g/cm3 (Zeigler 1980), and diamond ρ = 3.52 g/cm3 (Field 1992), the 
proportional amount of swelling of ion damaged diamond is remarkably large. 
 
The amount of swelling depends on a number of extrinsic factors; namely ion energy, 
ion species (mass) and the total imparted ion fluence. The ion energy primarily dictates 
the implantation depth. As discussed in the next section, deeply implanted ions are 
subject to huge internal pressures of the diamond crystal lattice structure, which of 
course would affect the volume expansion of the lattice. The ion energy also influences 
the vacancy concentration as it is a contributing factor to the vacancy creation efficiency 
(vacancies per incident ion). The mass of the ion also affects the vacancy creation 
efficiency to an even greater degree, in addition to affecting the depth of the implant. 
 
Together, the energy and the mass of the ion control the thickness of the damage region 
where nuclear stopping occurs, i.e. where the lattice structure undergoes the greatest 
amount of damage (like thermal neutrons in a nuclear reactor). Finally, the total 
implantation fluence acts merely as a proportional scaling factor, although its effect is 
not necessarily linear; the combined effect of decreased material density and lattice 
structure weakening may result in a more geometric progression. Temperature (of the 
implantation) is also a factor; however it was not considered in this work as all 
implantations were done at room temperature (RT). 
 
An investigation involving the thermal annealing of the diamond after ion implantation 
was not thoroughly completed in this work. However, it is known (Kalish et al. 1999a) 
that the swelling behaviour upon annealing differs for vacancy concentrations on either 
side of the critical amorphisation threshold, DC, as reviewed in Section 2.3.2. Similar 
effects were observed in the work reported in the next section, though under slightly 
different conditions. 
 
Briefly summarised, the results showed that diamond implanted above DC exhibited a 
density slightly higher than graphite before annealing, then continued to decrease in 
density as the annealing temperature was increased, decreasing further in density below 
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that of graphite. In contrast, for the diamond implanted below DC the density was only 
somewhat lower than that of unimplanted diamond when as-implanted, and slowly 
increased with annealing temperature, eventually returning to that of pristine diamond. 
The same behaviour was observed in the helium implanted sample used in this thesis. 
 
The following discussion focuses on the work conducted on as-implanted diamond. 
Details of the experiment, including the implantation, measurement and sample 
preparation can be found in Chapter 4. 
 
 
FIGURE 3.1.1a: SRIM vacancy distribution profile of 3 MeV hydrogen. RP = 47.9 µm, ∆RP = 2.1 µm. 
 
 
 
FIGURE 3.1.1b: SRIM vacancy distribution profile of 2 MeV helium. RP = 3.51 µm, ∆RP = 160 nm. 
 
RP = 47.9 µm 
∆RP = 2.1 µm 
RP = 3.51 µm 
∆RP = 160 nm 
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FIGURE 3.1.1c: SRIM vacancy distribution profile of 30 keV gallium. Note RP = ∆RP = 17 nm. 
 
Of the three types of ion implantations conducted in this thesis, all produced damage at 
different depths in the diamond; and consequently within a different volume of the 
diamond. The set of plots in Figure 3.1.1 show the depth (RP) and profile width (∆RP) of 
the damage peak/volume from SRIM (Ziegler et al. 2010) simulations for the three 
implantations: hydrogen at 3iMeV; helium at 2 MeV; and gallium at 30 keV. All 
simulations are in diamond assuming the lattice displacement energy, Ed = 52 eV 
(Kalish et al. 1999a), and density of 3.52 g/cm3 (Field 1976). 
 
In the case of the gallium implantation (Figure 3.1.1c), the damage extends from the 
surface and the interpretation of depth and profile width differ; here RP = ∆RP and is 
taken at 1/e of the peak value. The vacancy concentration at 1/e also happens to be the 
concentration at the surface. Vacancy concentration is calculated by taking the integral 
number of vacancies divided by the profile width. The values for vacancy concentration 
in the following graphs have all been calculated using the recorded ion fluence and the 
corresponding profiles in Figure 3.1.1. All implantations were conducted at room 
temperature. 
 
Hydrogen ions implanted at 3 MeV penetrate the diamond to a depth of almost 50 µm, 
creating a highly damaged layer over 23 µm thick owing to the longitudinal straggling 
of the ions. With such a large thickness of modified material, the associated swelling is 
quite large, although deep implants slightly reduce the proportional amount of swelling 
(Olivero et al. 2006). In Figure 3.1.2 the amount of swelling increases linearly over the 
specified fluence range, with the maximum rising nearly 200 nm above the surface of 
the diamond sample; indeed at even higher fluences the swelling could reach over 4 µm 
(Prawer 1995) based on the piston model of volume expansion. 
RP = ∆RP = 17 nm 
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FIGURE 3.1.2: Measured step height of diamond implanted with 3 MeV hydrogen ions (H). NB: 
Lines serve only as a visual aid. 
 
The experiment was designed to test the limits of the implantation methods for photonic 
crystal applications. It involved the creation of arrays of black dots (i.e. single-point 
non-rastered beam-spots) of varying size and spacing; hence the fluences are not evenly 
distributed. Suitably sized and positioned dots were selected for the profilometry scans 
with the Dektak – a sub-micron sensitive topography measuring device capable of long 
length scans (i.e. many millimetres). Each dot was scanned twice (in both lateral 
directions) and the heights were evaluated by taking the average of five pairs of scans. 
An uncertainty of 5 nm is indicated by the error bars. 
 
On an additional note, the vacancies in the cap layer for the hydrogen implants are 
ignored in the effect of the ion-induced swelling. Although their total number is 
significant, their contribution is considered negligible as the distribution is wide and 
thus the defect concentration is low; low enough for the swelling to be inhibited by the 
surrounding diamond lattice. Furthermore, as shown later (Figure 3.1.5) in the 
proportional step height measurements, the onset of swelling occurs at approximately 
2x1021 vac/cm3 (the result is consistent for both helium and gallium implants and can be 
extrapolated for hydrogen implants as well). Hence, even for the highest fluence 
hydrogen implant, the vacancy concentration in the cap layer is below this threshold, 
thus its contribution to the swelling step height is very small if not negligible. 
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Similar conditions as the previous hydrogen implantation were used during the helium 
implantation at 2 MeV. However, the implantation areas consisted of 80×80 µm 
squares. These squares were used to study the behaviour of DC of buried ion-implanted 
layers (Draganski et al. 2006) and also for creating diamond colour centres for quantum 
optical applications (Waldermann et al. 2007). A wide range of ion fluences is 
presented; there was no discernable step height between 1×1017 and 2×1021 vac/cm3 and 
hence the latter denotes the start of the dataset in Figure 3.1.3. 
 
At high fluences the Dektak was adequate at measuring the step heights, however it was 
necessary to utilise the AFM in order to measure the three lowest values. The step 
height at 2×1022 vac/cm3 was repeated with the AFM, giving insight into the accuracy 
of both measuring techniques; the accuracy of the AFM is 2 nm as indicated by the 
error bars in Figure 3.1.3. The Dektak and AFM profiling were conducted by scanning 
the implanted area twice in both lateral directions and then averaging the results. 
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FIGURE 3.1.3: Measured step height of diamond implanted with 2 MeV helium ions (He). NB: 
Lines serve only as a visual aid. 
 
It is clear that the swelling behaves in a modified linear fashion. From the onset the 
swelling increases slowly, where after upon reaching a certain level of damage a 
significant transformation of the material occurs and the swelling increases rapidly, and 
then eventually leads towards a plateau. In fact at a fluence of 5×1017 ion/cm2, the 
diamond cap layer was blown off during the implantation; the crystal lattice shattered 
under the strain, while the equivalent vacancy concentration at this fluence was a factor 
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of four larger than the atomic density of pristine diamond. The step heights for helium 
are smaller than for hydrogen, refer Figure 3.1.5, even though the energies are similar, 
owing primarily to the heavier ion creating a thinner implanted layer. The interrelations 
between step height and layer thickness are examined shortly. 
 
The gallium implantations conducted as described in Section 4.1.3 were measured using 
the AFM. When 30 keV gallium ions are implanted into diamond, the lattice damage 
extends right from the surface; there is no protective diamond cap layer as with the 
lighter ion MeV implantations, hence the behaviour of the swelling seen in Figure 3.1.4 
is a little different. The internal pressure of the diamond only applies at lower fluences, 
however since the damage volume is significantly smaller than for the other two ion 
implantations, the onset of noticeable swelling is somewhat delayed until a higher 
vacancy concentration is reached, as can been seen in Figure 3.1.5, while the significant 
transformation of the material also occurs at a higher fluence. 
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FIGURE 3.1.4: Measured step height of diamond implanted with 30 keV gallium ions (Ga). NB: 
Lines serve only as a visual aid. 
 
Furthermore, at the highest fluence presented here in Figure 3.1.4 for gallium, the 
swelling is much higher than the equivalent value for the MeV implantations. This is 
more evident in Figure 3.1.7 which compares the data from this work to five other 
similar investigations; the implications of this are discussed further on. Additionally, it 
is expected that at even higher fluences the swelling would also plateau as the rate of 
ion sputtering would approach that of the implantation. 
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FIGURE 3.1.5: Comparison of the measured step heights of diamond implanted with 3 MeV 
hydrogen, 2 MeV helium, and 30 keV gallium ions shown on the same scale. NB: 
Error bars not included for the sake of clarity, lines serve only as a visual aid. 
(Colour online) 
 
It is clear from Figure 3.1.5 how implantations of different ions produce different 
amounts of swelling; the step heights of each implantation are practically an order of 
magnitude greater than the next. It is also evident that the significant transformation of 
the material also occurs at different values of the vacancy concentration; the deeper the 
implant, the sooner (lower fluence) this occurs. The effect can be explained by 
considering the thickness of the nuclear damaged layer, and hence the volume of the 
crystalline lattice that has been affected by the ion implantation. 
 
Upon examining the thicknesses of the damaged layers, it became apparent that they too 
differed by an order of magnitude. Thus it is more sensible to compare normalised step 
heights of the swelling by dividing the step height by the thickness of the damaged 
layer, (h/d); such a plot is presented as Figure 3.1.7. 
 
Furthermore, it is important to understand that the modification of the material is being 
inhibited by the immensely strong bonding of the diamond’s crystalline lattice. As the 
damage volume increases, the surrounding undamaged lattice is further away from the 
region where the greatest amount of damage is occurring, thereby promoting the 
material transformation at a lesser vacancy concentration. The graph in Figure 3.1.7 is 
compiled from the measurements conducted in this thesis (red symbols) and results 
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obtained by other researchers (other colours). The swelling measurements conducted by 
others are summarised in Figure 3.1.6. 
 
Ion Key 
(Legend) 
Energy Implantation 
Temperature 
Source 
Xenon Xe 320 keV 240 K Uzan-Saguy et al. 1995a 
Hydrogen H (2000) 2 MeV RT Olivero et al. 2010 
Helium He (350) 350 keV RT Khomich et al. 2007 
Argon Ar up to 0.9 MeV 150 K Kalish et al. 1999b 
Phosphorus P 4 MeV 77 K Prawer 1995 
FIGURE 3.1.6: Table of the various ion implantations where swelling height was measured. 
 
A further differentiation of these results is shown by indicating implantation conducted 
at room temperature (green and red symbols) and those implanted on a cold stage (blue 
symbols). Additionally, high-energy implantations (which result in deep buried damage) 
are indicated by hollow symbols. The general trend of the ion induced swelling can be 
seen as linear, however there are a few outliers and general deviations (they can be 
explained by the implantation conditions), as well as the asymptotical behaviour at 
either end of the x-axis. 
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FIGURE 3.1.7: Normalised swelling of the implantations investigated in this work compared to 
results obtained by other researchers. The dotted black line represents the first order 
approximation trend of the model. (Colour online) 
 
It is known (Khomich et al. 2007) that cold implantations result in more swelling than 
implantations carried out at room temperature. This is evident in Figure 3.1.6; the blue 
symbols are above the others. Furthermore as discussed earlier, the MeV implantations 
that result in the damage layer being buried produce less swelling than implantations 
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where the surface is highly damaged. Again, this is observed in Figure 3.1.6; the hollow 
symbols are below the others. 
 
Consider the significantly higher swelling of gallium implanted at the highest fluence. 
From the ellipsometry data presented in Chapter 5 which represents the implantation as 
two layers, the overall thickness of both layers is increased. This indicates that the 
amorphisation is extending deeper in the diamond, hence the damage volume is also 
increasing. The calculated material density is approximately 2.1 g/cm3; such values 
have been reported (Prins 1986) in diamond implanted at high fluences. 
 
Similarly, the larger swelling of the higher fluence argon implantation is due to the 
implantation regime. This implantation was made by a multi-energy reduction 
technique, where the ions are implanted at successively lower energies in an attempt to 
produce a thick layer of uniform damage extending from the surface; hence the volume 
is larger and results in a greater amount of swelling. The material density in this case is 
approximately 2.5ig/cm3; again such values (Reznik et al. 1997) have been reported. 
 
Finally, the onset of swelling occurs at approximately 2×1021 vac/cm3. The increase of 
the swelling is at first subtle as the diamond lattice restricts the volume expansion (Prins 
1986). On the other end of the fluence scale, the swelling plateaus as the vacancy 
concentration approaches and surpasses the atomic density of diamond. The 
asymptotical behaviour is seen to occur at slightly different vacancy concentrations; 
sooner for high-energy depth implantations than for implantation where the surface is 
highly damaged. Clearly the lattice structure is affecting the maximum amount of 
swelling that can occur, which would have consequences in the annealing behaviour of 
the diamonds, i.e. the value of DC must be greater for buried implantations. A 
quantitative investigation of this effect is reported on in the following section. 
 
From these compiled results and observations, a semi-empirical formula can be 
extracted to calculate the swelling on the sample surface. Given the ion fluence f 
(ions/cm2), the vacancy concentration, denoted Cvac (vac/cm3), can be calculated from 
the SRIM damage distribution data Nvac (vac/ion/Å). Thus by multiplying the ion 
fluence and SRIM data, then scaling to centimetres, the vacancy concentration is 
calculated: 
[ ] [ ] [ ] [ ]cmionvacNcmionsfcmvacC vacvac /Å10Å//// 823 ××=  
As the swelling height is also dependent on the damage depth profile, i.e. the thickness 
of the implanted layer, d, this value is determined from the same SRIM result as for the 
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vacancy concentration. However, due to the nature of the diamond lattice and the 
significant difference in the shape of the damage profiles between high-energy and low-
energy implantations, differing definitions for d are used as follows: 
• d = FWHM for sharp damage profiles (i.e. high-energy implantations). 
• d = width at 1/e of vacancy peak for broad damage profiles (i.e. low-energy 
implantations). 
In the broad profile case, the greater value of d and lesser for Nvac corrects for the near 
surface effect, i.e. diffusion of interstitials out of the surface, which would otherwise 
lead to overstating the proportional step height, denoted hP, in this model. The first 
order approximation of this model follows a logarithmic relationship of proportional 
step height (hP) to vacancy concentration (Cvac) to calculate the swelling (step height, h): 
( )



×= thC
Cdh
vac
vac
10log272.0 , where Cvac(th) = 3.41×1021 vac/cm3 
The threshold vacancy concentration, Cvac(th), is determined from the fit shown in 
Figure 3.1.7; it represents the onset of swelling, but only in the first order 
approximation. A more rigorous treatment involving an improved mathematical model, 
to account for the plateaus either side of the logarithmic trend, will be presented in an 
upcoming paper. 
 
In 1985, Prins undertook a study in the volume expansion of diamond during ion 
implantation. Fluorine ions at 170 keV were implanted within a fluence range of 3×1015 
to 7×1017 ions/cm2. These fluences are relatively high; the lowest vacancy concentration 
in the data set is 4×1022 vac/cm3. Nevertheless six data points fall within the range 
where the proportional step height model proposed here is valid. Prins derives an 
expression of a saturating exponential of the form: 











 −
−=
N
fH αββ exp1
1
 
where α represents the number of atoms dislocated per incident ion, and N = 1.77×1023 
atoms/cm3. 
 
The term β, like α, is specific to the ion energy and species used in the implantation; it 
is defined as the inverse of the swelling height at saturation taking the unit of cm-1 in the 
above equation. Unlike the terms d and Cvac which can be determined from SRIM, β has 
to be found experimentally. 
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FIGURE 3.1.8: Comparison of the two models (Prins and Proportional Step Height) and the 
measured data points from which the Prins model was derived. (Colour online) 
 
The two models are compared in Figure 3.1.8. Although Prins presents an elegant 
model, which also accounts for saturation at high fluences (but not the behaviour at low 
fluences), it cannot be used to gauge the swelling height of an arbitrary ion and any 
given energy. The model presented here provides a quick and universal deduction of the 
swelling in only a few minutes from SRIM. 
Chapter 3. Preliminary Investigations and Simulations 
Page 93 
3.2 Internal Pressure Dependence of DC 
It is known (Orwa et al. 2000) that diamond damaged below the critical amorphisation 
point (DC) can, upon adequate annealing, revert back to almost pristine diamond, while 
above this critical threshold no amount (Reznik et al. 1997) of annealing will restore the 
diamond lattice and instead the diamond converts into a form of disordered graphite. 
The amorphisation point, DC, of diamond has been shown (Uzan-Saguy et al. 1995b) to 
be approximately 1022 vacancies/cm3 for sub MeV implantations. Discussed below is 
the investigation into how the immense internal pressure that exists within the diamond 
lattice affects the diamond’s ability to self-repair. As mentioned in the previous section, 
the variation away from the linear trend of swelling height with respect to ion fluence is 
due to this internal pressure. 
 
For MeV implants the ion range is in the order of micrometres, unlike the nanometre 
ranges of keV ions. While keV implantations are effectively restricted to surface and 
near surface damage, for MeV implantation the damage is deeply buried and kept under 
great pressure by a relatively undamaged diamond cap. This study reports on a micro-
Raman investigation of the fluence dependence of the damage defects in the diamond 
and the effect of annealing these buried damage layers. The Raman spectrometer can 
monitor the amorphous-fraction and point-defect Raman signals simultaneously. 
 
Raman is a commonly used finger-printing technique as it is very sensitive to the opto-
induced vibrational signatures of chemical elements and compounds. Details of Raman 
spectroscopy can be found in most senior level university textbooks. Raman spectra are 
represented in terms of the Raman shift, ∆k, in the same units as wavenumber∗, k (cm-1). 
 
The wavenumbers reported in a measurement are actually the Raman shift of the Raman 
spectrum wavelength away from the excitation (laser source) wavelength. Since the units 
chosen for expressing wavenumber in Raman spectra are inverse centimetres (cm-1), 
while wavelength is often expressed in units of nanometres (nm), the following formula 
scales the unit conversion explicitly: 

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, 
where λ0 and λ1 are the laser and Raman signal wavelengths respectively. The Raman 
shift will remain constant regardless of the excitation source wavelength; however more 
                                                 
∗
 NB: Not to be confused with the extinction coefficient, denoted κ in Section 2.1.1, but as k elsewhere. 
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energetic (shorter wavelength) lasers may stimulate additional features at the Raman 
spectrum. The laser employed in this study operated at 514.5 nm (argon-ion laser). 
 
The µ-Raman spectroscope used in these measurements is pseudo-confocal, i.e. 
confocality is achieved by passing the light through two sets of apertures; a physical 
pair, and software-controlled aperturisation of the CCD array. The sampling space is 
thus a spheroid of volume about 1 µm3. 
 
As highlighted in Section 3.1, the density of lattice vacancies created is related to the 
fluence, but also depends on the ion species, as heavier elements produce more 
vacancies per ion. The simulation software SRIM gives a good description of the 
damage profile as seen in Figure 3.1.1. Thus for each ion species, irreversible 
amorphisation will occur at a different fluence. Given that the atomic density of 
diamond is 1.77×1023 atoms/cm3 (Field 1992), amorphisation will occur when more 
than 6% of the sp3 diamond bonds have been broken, creating amorphous zones within 
the ion irradiated volume, assuming the reported value of DC = 1022 vac/cm3. Upon 
thermal annealing, the amorphous fraction of the damaged diamond turns into graphitic 
point-like defects. 
 
To briefly summarise, the experiment employed high-energy ion implantation using the 
MP2 Microprobe and 5U Pelletron at the University of Melbourne, into type-Ib 
Sumitomo™ single-crystal diamond with the facet cut in the <100> direction; 2 MeV 
helium ions were implanted at room temperature, at fluences ranging from 1×1013 
ions/cm2 to 2×1017 ions/cm2, over square areas of approximately 80x80iµm. This 
resulted in an implantation depth of 3.5 µm as calculated by SRIM, shown also in 
Figure 3.1.1b; the damaged thickness is approximately 500 nm beneath 3.25 µm of 
diamond (the cap). 
 
It should be noted that at a fluence of 5×1017 helium ions/cm2 the diamond cap blew off 
during the implantation. During the implantation, the Rutherford Backscatter (RBS) 
spectrum is captured using a Canberra PIPS detector, at 145º, to give a depth profile and 
determine implantation conditions. As the implanted regions are buried structures, 
further data acquisition is performed by confocal Raman Spectroscopy, using the 
Renishaw micro-Raman spectroscope, also at the University of Melbourne. 
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FIGURE 3.2.1: A typical Raman spectrum of undamaged ‘pristine’ diamond. The first order Raman 
line occurs at 1332 cm-1; there are no other peaks in the range between 0 cm-1 and 
around 2000 cm-1. 
 
Following this, the sample was characterised by the Raman, with interest focusing on 
four regions of the spectrum; the main diamond line at 1332 cm-1, the amorphous 
fraction (1000 – 1300 cm-1), the vacancy defect at 1490 cm-1, and the split-interstitial 
(also known as the dumbbell defect) at 1630 cm-1. A Raman spectrum of pristine 
diamond is shown in Figure 3.2.1, while those of damaged diamond are presented in 
Figure 3.2.2. The Raman measurements were conducted in two orientations; “allowed” 
by the selection rules of quantum physics, with the incoming laser light polarised 
parallel to the <100> direction; and the “forbidden” <110> direction. 
 
  
FIGURE 3.2.2: Comparing the Raman spectra, of the ion damage diamond over a range of fluences; 
2×1015 ions/cm2 to 2×1017 ions/cm2: (a) as-implanted; (b) 873 K annealed. All traces 
are displaced vertically of clarity. 
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In the forbidden orientation the intensity of the main diamond line, also referred to as 
the Zero Phonon Line (ZPL), is significantly diminished, but not completely quenched, 
due to polarisation leakage. Nevertheless, the reduction of the (ZPL) is observed; see 
Figure 3.2.5. At each square, measurements were taken at the surface of the sample and 
at 1 µm increments below the surface to a depth of 3iµm; a total of 4 measurements per 
orientation, per square, to minimise random noise present in the measurement system. 
 
Upon annealing at 873 K it was observed (Figure 3.2.2b) that some peaks sharpen; 
particularly those relating to the vacancy and interstitial defects, while others vanished. 
While the linewidth of the vacancy peak (1490 cm-1) has decreased and thus these 
defects have become more localised, their intensity has not changed significantly, 
indicating that there has been no further noticeable vacancy creation. 
 
On the other hand the 1630 cm-1 peak has also narrowed, but grown in intensity. This 
correlates with the reduction of the amorphous fraction; the displaced carbon atoms 
(self-interstitials), which form from the vacancies, migrate to form more split-
interstitials. Also of note is the disappearance of the broad 960 cm-1 peak. Thus at 
fluences at and below 2×1016 ions/cm2 the majority of the damage has been removed 
during this annealing process; further annealing at higher temperatures would 
completely restore the crystalline structure of the diamond, assisted by the great internal 
pressure in the buried regions. 
 
After conversion of the ion fluences into vacancy concentrations, which gives a more 
universal quantitative description, the known value of DC (1022 vac/cm3) is equivalent to 
approximately 7×1015 helium ions/cm2. It is obvious from Figure 3.2.2b that at this ion 
fluence the damaged diamond is reverting back to its pristine form. Where the diamond 
is not repaired is at an ion fluence of between 2-5×1016 helium ions/cm2, or more 
clearly, at 3-7×1022 vac/cm3; this value is almost an order of magnitude higher than for 
surface ion implantation. It is evident that the huge internal pressure assists in the 
restoration of the diamond lattice and consequently a greater amount of damage must be 
introduced into the diamond before this self-repair mechanism is overwhelmed. 
 
It is interesting to note the evolution of the main diamond line over the range of 
fluences; shown in Fig. 3.2.3. It is clear that above a fluence of 2×1016 ions/cm2 the 
peak red-shifts, while the linewidth broadens. 
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FIGURE 3.2.3: The evolution of the main diamond line (1332 cm-1) both in position and shape, as a 
function of ion fluence. NB: Lines serve only as a visual aid. 
 
A correlation between the peak shift and its width (FWHM) is expected via the 
Kramers-Kronig relation. The changes in the peak are useful in measuring the stress 
induced on the diamond. The shift in peak position of the ZPL to lower wavenumbers 
can be interpreted as an indication of the magnitude of strain, while broadening of the 
peak gauges the directional randomness of strain. 
 
 
FIGURE 3.2.4: The intensity of vacancy and split-interstitial defect peaks, normalised to the ZPL.  
 
As mentioned earlier, after annealing the damage defect peaks in the spectra are visible 
at fluences above 5×1016 ions/cm2. Shown in Figure 3.2.4 is the intensity of the 
vacancies and interstitial peaks, normalised to the intensity of the main diamond line, as 
a function of fluence, after annealing at 873 K. The intensity in the spectra is a measure 
of the amount of damage. The intensity of the damage peaks increases linearly with 
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increased fluence for the both vacancy and interstitial peaks, as shown in Figure 3.2.4. 
This linear trend has been previously reported (Orwa et al. 2000), however not at such 
high levels of damage as is evident here. In the work of Orwa, the intensity of the 
damage peaks was observed to saturate, however that study involved the measurement 
on the exposed portion of the implanted volume. 
 
The discrepancy is most likely attributed to the geometry of the implantation; in the 
case of the present work, the entire highly damaged End of Range (EOR) region is 
buried. The previous study by Orwa involved a sideways implantation; this leaves at 
least one surface of the EOR region exposed and hence the whole EOR region is not 
subjected to compressive stress, as is the case in the present work. 
 
The helium ion fluence of 5×1016iions/cm2 is equivalent to the vacancy concentration of 
7×1022ivac/cm3. Recalling that the atomic density of diamond is 1.77×1023 atoms/cm3, 
the figures clearly show that almost half of the diamond structure must be damaged for 
it not to revert back to diamond upon annealing; unlike the 6% required for surface 
implantations. It also indicates that the whole of the EOR damaged region can be 
graphitised without blowing the diamond cap off, even at a modest depth of 3.5 µm. 
Thus the huge internal pressure in diamond facilitates maintenance of the overall 
structure at even greater levels of strain and damage than previously reported. 
 
Further evidence to support the function of the internal stress can be seen in the trends 
of the curves in Figures 3.2.3 and 3.2.4 in the damage portion of the graphs (at and 
above 2×1016 ions/cm2). The intensity of the damage peaks increases linearly along with 
the width (FWHM) of the main diamond line at 1332 cm-1. To interpret the increase in 
FWHM structurally, consider the sp3 bonded structure of diamond surrounded by an 
increasing amount of amorphous material with no directionality, thus the diamond 
structure takes on a randomly tilted crystallographic orientation. Hence within the 
sampling volume of the Raman probe, many off-axis orientations of diamond exist, 
broadening the width of the peak, which increases linearly with damage. 
 
This is further supported by Figure 3.2.5 which compares the ‘allowed’ and ‘forbidden’ 
Raman spectra. It is clear that regardless of the orientation of the diamond, the 
intensities of the damage peaks remains unchanged, and the expected reduction of the 
main diamond line is observed, proving that these defects are isotropically distributed 
within the implanted region. In spite of this randomness, following annealing at 873 K, 
these peaks are narrowed considerably; as can be seen in Figure 3.2.2. 
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FIGURE 3.2.5: Comparing the ‘allowed’ and ‘forbidden’ Raman spectra, @ 2×1017 ions/cm2. 
Background formed by noise and the photo-luminescence of NV centres within the 
diamond have been removed. 
 
The Raman spectra also show how the diamond reacts during ion implantation. Up until 
the damage reaches the critical amorphisation threshold, the vacancies primarily 
introduce strain into the diamond. This can be seen by the slowly shifting position of the 
ZPL as the fluence increases in Figure 3.2.3. However, the lattice structure remains 
intact and undistorted as the width of the peak stays almost constant, up until DC. Thus, 
at a fluence close to but below DC, the strain snaps the lattice structure, introducing the 
randomness while still maintaining the stress within the damaged volume as can be 
deduced from the progression of the peak position. This effect was also observed as the 
abrupt change in swelling upon approaching DC in the previous section. 
 
It has been suggested that during ion implantation, physical effects are not the only type 
of reaction taking place. The likelihood of carbon chemistry and the creation of 
allotropes are discussed in the following section. 
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3.3 Raman Investigation of Carbon Chemistry 
Carbon is one of the most abundant elements in Earth’s biosphere. Second only to 
oxygen, carbon forms the greatest number of compounds. In fact the entire back-bone of 
life is based on carbon chemistry (organic chemistry). The possibility of the formation 
of carbon-compounds during implantation of ions into crystalline carbon (diamond) 
should not be overlooked. However barring physical measurements, what needs to be 
investigated is the theoretical likelihood of these compounds existing, their 
concentration, and their influence on the refractive index. 
 
In order to deduce a quasi-quantitative effect on the refractive index of chemical 
impurities, a crude comparison is drawn from the erbium doping of optical fibre. Rare-
earth elements significantly affect the optical properties of the host material (Chen et al. 
2003). By providing a correlation between erbium concentration and refractive index 
enhancement in optical fibres, it is reasonable to assume that similar concentrations of 
other impurities would affect the refractive index to a lesser extent. 
 
From investigations by Kiiveri and Tammela (2000), the refractive index changed by 
0.001 to 0.08 for erbium concentrations of 50 to 9800 ppm. The dependence is clearly 
non-proportional; however it is linear up to a concentration of about 2000 ppm, after 
which a very gradual curve of diminishing returns is observed. If the concentrations of 
chemical impurities (both intrinsic and implanted) in the diamond samples are at the 
lower end of the scale, the effect on the refractive index should be minimal. Where the 
presence of measurable evidence of carbon chemistry is not available, estimation of the 
magnitude of change in refractive index will be deduced from the erbium comparison. 
 
In order to investigate the possibility of a carbon-compound influencing the optical 
properties of the ion-implanted diamond, measurements using micro-Raman 
spectroscopy were conducted on the samples. The laser employed in this study operated 
at 514.5 nm (argon-ion laser). 
 
The Sumicrystal type-Ib diamonds used in this thesis contain of order 10 ppm 
nitrogen (manufacturer’s claim). The intrinsic nitrogen content is known not to 
significantly affect the refractive index at this concentration (Zaitsev 2001); naturally 
occurring type-Ia diamonds have similar nitrogen concentrations. This premise is also 
supported by Figure 5.1.2 in Chapter 5 which shows agreement of the measured 
ellipsometric data with the values found in literature. 
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The Sumicrystals also contain trace amounts (< ppb) of nickel, which is used as a 
catalyst in the diamond fabrication process. However these diamonds exhibit strong 
sectoring (detailed in Greentree et al. 2006a), reflecting their differing impurity and 
defect compositions (see Figure 3.3.1). Each individual diamond displays a unique 
sector signature which must be considered when implanting. All implantations 
conducted in this thesis were confined to the central region of the sample (the octagonal 
area of Figure 3.3.1), where the nickel concentration is negligible. 
 
 
FIGURE 3.3.1: Cathodoluminescence map of type Ib HPHT (100) single-crystal diamond sourced 
from Sumitomo Diamond Corp. Dark areas show high impurity concentrations. 
 
Of the three different ion implantations conducted in this thesis (i.e. hydrogen, helium 
and gallium), only the helium implants were successfully probed by the Raman 
spectroscope. The results of these measurements are discussed a little later. The 
following paragraphs present arguments against the influence of the implanted ions on 
the refractive index. The reasoning is inferred from known optical data, when compared 
to the ellipsometry results, and also from chemistry. 
 
FIGURE 3.3.2: Schematic representation for the implantation and measurement of ion-induced 
defects. SOURCE: Jamieson et al. (1995) 
 
The implantation of hydrogen into diamond at energies above 1 MeV situates the buried 
damage layer at least 20 µm below the surface. At this depth, and beyond, the Raman 
signal is very weak as much of the light is scattered in the diamond layer above. It is 
possible to implant the diamond side-on, as seen in Figure 3.3.2. Jamieson et al. (1995) 
implanted helium ions in such a configuration and performed the Raman spectroscopy 
at intervals along the implantation direction. 
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The correlation between vacancy concentration (implantation depth) and the Raman 
features is clear in Figure 3.3.3. However, it is important to note that due to the 
proximity of one side of the implanted volume to the surface, the creation of defects 
may be affected. It has already been shown (Draganski et al. 2006) that the defect 
concentrations (vacancy and dumbbell interstitial) differ when the entire damage 
volume is encased by the bulk diamond. It is possible that the huge internal pressure 
would also affect the formation of chemical bonds (either positively or adversely). For 
example the formation of hydrocarbons is enhanced at high pressures (Kutcherov et al. 
2002; Kenney et al. 2002), whereas ammonium/ammonia dissociates at very high 
pressures (Smil 2004). 
 
FIGURE 3.3.3: Micro-Raman spectra of damage caused by 3.5 MeV helium ions in diamond, 
recorded at different depths. SOURCE: Jamieson et al. (1995). 
 
At the highest dose reported in this thesis, the hydrogen concentration reaches 1 % 
(mol./mol.), which is high compared with all the other concentrations reported herein, 
however it is still too disperse to coagulate into some exotic physical phase (Ashcroft 
1969). Hydrocarbon chains are not expected to be stable at the high pressures within 
diamond (Sharma et al. 2009), while the nickel concentration in the implanted areas is 
too low to form metal-hydrides; formation of hydrogen-vacancy and hydrogen-nitrogen-
vacancy complexes is more preferred under ion implantation (Glover et al. 2004; Glover 
et al. 2003). It is thus reasonable to assume that carbon chemistry does not occur under 
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hydrogen implantation, or that the probabilities are so low that any effect is negligible 
compared to contributions from structural defects. 
 
The implantation of gallium (at 30 keV) into diamond produces a damaged layer that is 
very thin compared to the sampling volume of the µRaman probe; 20 nm within 1 µm. 
Thus only 5% of the sampled volume contains the implanted layer; the Raman signal 
from the bulk sample dominates the spectrum. As such Raman data is not available for 
the gallium implantations. Gallium can form many compounds, both with carbon and 
the intrinsic nitrogen. Furthermore, as the ion damage is restricted to the surface, 
gallium-oxygen compounds may occur even in a decompressed implantation chamber. 
 
It can however be inferred that the concentration of gallium is too low to produce an 
appreciable effect on the refractive index. The concentration of gallium for the highest 
implanted fluence is no more than 2500 ppm (0.25%). According to the erbium data, 
this would represent a refractive index change of less than 0.05. Furthermore, the 
concentration of structural defects is about 120 times greater (30% mol./mol.). It is clear 
from the comparison of the extrinsic ion concentration to that of the structural defects, 
that the defects would have a far superior effect on the refractive index. It can similarly 
be concluded, as in the case of the hydrogen implantations, that structural defects 
dominate the opto-electrical properties of the implanted diamond. 
 
Helium implantation is not expected to produce chemical compounds in diamond. 
Helium is an inert gas, thus only structural defects should occur upon ion implantation. 
Helium-vacancy complexes have been reported in silicon-carbide (SiC) by Barbot et al. 
(2009), however to date they have not been detected in diamond. Under the very high 
internal pressures within diamond it would be possible for helium to crystallise 
(Goodhew 1990), however the helium concentration would need to be far greater than 
that attained here. 
 
The ion implantations conducted for this thesis have produced similar damage 
concentrations, all within a range of three orders of magnitude. Furthermore, for the ion 
species and energies used, the lighter the ion the greater the ion concentration must be in 
order to achieve the same amount of damage. Even though the hydrogen implantation 
generates the highest extrinsic chemical concentration, it is still too low to produce a 
significant effect on the refractive index, especially when compared to the defect 
concentration.  
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More so, it can be inferred from the results of Olivero et al. (2010) and Kashyap et al. 
(2010) that the chemical branching of a structural defect does not affect the refractive 
index. Both researches implanted hydrogen, however while Olivero used high nitrogen-
containing diamond, Kashyap used ultra-high purity diamonds; both obtained similar 
results. Thus it appears that the hydrogen-vacancy complexes that arise from the 
implantation do not affect the refractive index; any changes can thus be attributed to 
structural defects. 
 
This view is further supported by the measurement of NV concentration by Acosta et al. 
(2009). Under conditions optimised for NV production, NV- concentrations were found 
to be at least two orders of magnitude lower than the nitrogen concentration even 
though the vacancy concentration was an order of magnitude greater than the nitrogen 
concentration; NV0 concentrations are typically 10 times less than for NV-. In other 
words, even though there are more vacancies than nitrogen atoms in the diamond, not 
all nitrogen atoms are converted into NV defects. Thus since nitrogen does not affect 
the refractive index at the concentration described here, it is even less likely that NV 
would have any effect on the refractive index. 
 
The structural and related defects that occur under ion implantation cause perturbations 
in the local electric field. This has a significant impact on the passage of photons 
through the material. Raman spectroscopy can reveal the type and relative concentration 
of such defects. From the Raman data presented in Section 3.2 the relative 
concentrations of two defects, the vacancy and interstitial, with respect to the ion 
fluence can be determined; Figure 3.2.4 displays this relation. From Figure 3.2.2 it is 
evident that significant defect formation occurs upon the fluence reaching the critical 
amorphisation threshold for buried layers; approximately (5±2)×1022 vac/cm3. 
 
This observation is somewhat different than what can be inferred from Figure 3.3.3; 
however recall that those spectra are recorded from the exposed surface of the 
implanted diamond. Nevertheless, at high levels of damage, the two defect peaks begin 
to dominate the spectral landscape. Furthermore, from Figure 3.1.5 it can be seen that 
defect formation is not correlated with the significant transformation of the material 
(sudden density change) as described in Section 3.1, which occurs at a lower defect 
concentration under high pressure. 
 
Aside from the presence of isolated structural defects, at sufficiently high damage 
concentrations where these defects overlap forming extended defects, the formation of 
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distinct carbon allotropes is possible. Figure 3.3.4 is a collection of carbon allotropes. 
The following paragraphs discuss the likelihood of creating these allotropes from 
diamond by ion implantation and under what conditions they are more likely to exist. 
   
  
FIGURE 3.3.4: Allotropes of Carbon: a) Diamond; b) Graphite; c) Lonsdaleite; d) C60 
Buckminsterfullerene; e) C540 Fullerene; f) C70 Fullerene; g) Amorphous carbon; 
h) Single-walled carbon nanotube. SOUCRE: Image courtesy of Michael Ströck 
under the GNU Free Documentation License. 
 
Unimplanted diamond (a) is made up of a tightly bonded 3D lattice with four-
coordinate symmetry of mostly carbon atoms. Upon ion implantation, bonds are broken 
and the structure changes, ultimately transforming to a random network of amorphous 
carbon (g). Within the amorphous network other carbon allotropes may exist; 
microscopic in size. Graphite (b), or perhaps more realistically graphene (single sheets 
of graphite) may form over short distances, randomly orientated within the implanted 
volume. Upon thermal annealing the graphitic defects transform into graphite. These are 
the most likely carbon allotropes and normally result from ion implantation of diamond. 
 
Lonsdaleite (c), also known as hexagonal-diamond, occurs from high pressure and 
temperature treatment of graphite. It usually occurs when extraterrestrial objects 
containing graphite slam into the Earth, but has also been produced in the laboratory. 
Although there is sufficient internal pressure in a buried damage layer to form 
lonsdaleite when annealed, the prerequisite is commencing the pressure treatment with 
graphite, not amorphous carbon. Thus lonsdaleite cannot exist in as-implanted diamond. 
 
Fullerenes, commonly known as buckyballs, are hollow spherical (d) or ellipsoid (e, f) 
carbon molecular structures with varying numbers of carbon atoms in the molecule. 
They are discrete structures and unlikely to form under ion implantation; formation is 
perhaps possible upon annealing although the probabilities would be quite low. Finally 
carbon nanotubes (h), which are also fullerenes (buckytubes), cannot form in diamond; 
however it is possible that tubular channels may form along the ion path in the region of 
electronic stopping. 
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FIGURE 3.3.5: Raman spectrum of undamaged ‘pristine’ diamond. The first order Raman line 
occurs at 1332 cm-1; there are no other peaks between 0 cm-1 and 2000 cm-1. 
 
All of the carbon allotropes have distinctive Raman signatures, with peaks close to the 
diamond peak at 1332 cm-1. Note that the diamond peak is not significantly present in 
3.3.3; it has been deliberately subdued by polarization using selection rules (refer Figure 
3.2.5). The Raman spectra for diamond, graphite and amorphous carbon are shown in 
Figures 3.3.5-7. The intensity of the Raman features is directly related to their 
abundance (concentration). It may be probable that peaks of certain allotropes are 
obscured by the dominance of others; in that event it would be reasonable to assume 
that the contribution due to these hidden allotropes is negligible.  
 
 
FIGURE 3.3.6: Raman spectrum of graphite: i) pure single-crystal, the first order Raman line occurs 
at 1575 cm-1; there are no other peaks in the range between 0 cm-1 and 2000 cm-1; ii) 
conventional, synthetic graphite; iii) microcrystalline, natural graphite. SOURCE: i) 
Tuinstra and Koenig (1970); (ii and iii) Cuesta et al. (1994). 
 
Lonsdaleite has a Raman peak at 1323 cm-1 (Murae et al. 1993), which is very close to 
the diamond peak. The Raman spectra shown in Figure 3.2.2 were taken at a 0.5 nm 
resolution. At low levels of damage the peak width of the diamond line is 5 nm FWHM; 
thus any appreciable signal of lonsdaleite would be sufficiently resolvable. At greater 
damage levels, the diamond peak broadens and red-shifts down to about 1322 cm-1 
thereby covering any signal due to lonsdaleite. However as discussed previously, 
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lonsdaleite cannot form solely from the ion implantation process; no conclusive 
evidence can be found from the Raman spectra. 
 
In Figure 3.2.4a, there is a high-energy shoulder off the main diamond line; peak 
position close to 1360 cm-1, which is typical of micro-crystalline graphite. However, the 
absence of the peak at 1575 cm-1 would seem to argue against assigning the 1360 cm-1 
peak to µc-graphite. Furthermore this peak anneals out (refer Figure 3.2.4b) and is also 
not present in Figure 3.3.3. Upon annealing the lattice is more relaxed, which is also the 
case with the edge-on implantation that produces the plots in Figure 3.3.3; graphite 
formation should be more preferable under these conditions. Thus the 1360 cm-1 peak is 
likely attributed to a strain related defect and not graphite. 
 
Similarly, the Raman spectra for glassy carbon (GC) and amorphous carbon (refer 
Figure 3.3.7) display peaks that are in no way correlated with the peaks of ion-
implanted diamond as seen in Figures 3.2.4 and 3.3.3. 
 
 
FIGURE 3.3.7: Raman spectrum of amorphous carbon polymorphs: i) glassy carbon: a) pure, 
untreated; b – f) thermal treatment (temperature increases from b to f) under high 
pressure. ii) calcinated needle coke, iii) green needle coke, iv) staple pitch-based 
carbon fibre, v) subbituminous coal. SOURCE: i) Nathan et al. (1974); (ii - v) 
Cuesta et al. (1994). 
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It was identified by Prawer et al. (2004) using molecular dynamics simulations that the 
peaks at 1490 and 1630 cm−1 are due to the vacancy and split-interstitial defects, 
respectively. These two peaks clearly dominate the spectral landscape of Figures 3.2.4 
and 3.3.3. The broad peaks observed at ca. 1200 cm−1 and also at 500 cm−1 (Figure 3.3.3 
only) are indicators of amorphised diamond, not amorphous carbon; note that no peaks 
are present below 1200 cm−1 in Figure 3.3.7. The emergence of such structures is 
expected because the ion beam creates amorphous zones in which the selection rules 
break down and allow the observation of extra features in the phonon density of states 
(PDOS) of diamond (Prawer et al. 1998). 
 
The dominant features in the spectra of Figures 3.2.4 and 3.3.3 can all be attributed to 
lattice defects due to ion implantation. There is no evidence of graphite formation nor is 
there a significant contribution from micro-graphite inclusions. Comparing the two plots 
in Figure 3.2.4, there is only a slight increase in the vacancy concentration; 873 K is just 
above the vacancy mobility threshold (Prins 1992). The amorphous diamond shoulder 
relaxes upon annealing, but does not improve the diamond-like quality of the damaged 
volume (there is in fact a noticeable reduction in the 1332 cm−1 line). A large increase 
of the 1690 cm−1 peak, coupled with aforementioned observation would seem to 
indicate a migration of the self-interstitials to form the more stable <100> split-
interstitial defect. 
 
Thus the vacancy and split-interstitial defects would seem to be the dominant structural-
defect effect on the refractive index of ion-implanted diamond. There remains however 
the investigation of other, concurrent, effects which are addressed in the remaining 
chapters of this thesis. 
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3.4 Waveguide Design, Implantation Geometries & Simulations 
A useful and testable application for the modification of the refractive index of diamond 
by ion implantation is the creation of optical waveguides in the bulk diamond sample. 
Discussions in Chapter 2 focused on such waveguides made in other materials, while 
the use of diamond was restricted to waveguides utilising a diamond/air interface. 
Presented here are the options considered for creating waveguides in diamond by 
modifying its refractive index in a deliberate and controlled manner. 
 
An optical waveguide is a spatially inhomogeneous structure for guiding light, i.e. for 
restricting the spatial region in which light can propagate. Usually, a waveguide 
contains a region of increased refractive index (called the core), compared with the 
surrounding medium (called cladding). To achieve guiding of the optical mode of 
propagation, the waveguide structure must confine the beam on all sides of the core 
with a material (or air) of lower refractive index. 
 
 
FIGURE 3.4.1: Two different kinds of waveguides. (left) Channel waveguides confine light in two 
dimensions, while (right) planar waveguides confine light only in the vertical 
direction. The mode profile is exemplified by the blue ring. 
 
Most waveguides exhibit two-dimensional guidance, thus restricting the extension of 
guided light in two dimensions and permitting propagation essentially only in one 
dimension. An example is the channel waveguide shown in Figure 3.4.1-left. The most 
important type of two-dimensional waveguide is the optical fibre. There are also one-
dimensional waveguides (Figure 3.4.1-right), often called planar waveguides, or 
dielectric slabs. However, waveguides of this form only confine light in the x-direction 
(vertical, using the figure as a frame of reference). Conversely, the channel waveguide 
will confine light in both the x- and y-directions (horizontal), thus allowing the guide-
light to propagate along the z-direction (out of the page). These types of waveguides 
have limited functions; however a very useful planar device is the multimode 
Substrate 
Guiding region 
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interference (MMI) device, shown in Figure 3.4.2, which works based on self-imaging 
effect (Bryngdahl 1973; Ulrich 1975). 
  
FIGURE 3.4.2: The multimode interference (MMI) device, an important integrated optical 
component which can perform many different splitting and combining functions: 
(left) Schematic configuration of multimode interference (MMI) waveguide; (right) 
Light-splitting characteristics of MMI waveguide. SOURCE: Okamoto (2006). 
 
Nevertheless, by combining the two basic geometries (planar and channel), modal 
confinement can be achieved by employing suitable topologies and can even relax some 
of the physical conditions required for modal confinement. A range of waveguide 
structures are proposed in this section, utilising a number of different topologies to 
achieve modal confinement. In all of the considered waveguides the guiding region 
(core) of the waveguide is pristine diamond, while the ion-modified diamond exhibits a 
lower refractive index than that of the diamond core. 
 
3.4.1 Fundamental Waveguide Design Aspects 
This work makes use of the waveform simulation software package WGMODES 
(Fallahkhair et al. 2008). The simulations were modelled using light at a vacuum 
wavelength of 635 nm, which is close to the wavelength of light emitted by the 
de-excitation (relaxation) of the NV- defect at 637 nm (Santori et al. 2006a) from 
its first excited state to the ground state (zero-phonon-line resonance). This allows 
for physical testing using the 633 nm wavelength from a HeNe laser; the 
refractive indices are virtually identical over this ±2 nm spectral difference. 
 
It is well known that a cylindrical geometry allows for the most efficient guiding 
of light of terms of reduced core size and power distribution; the leakage loss into 
the cladding is minimal compared to other geometries. Optical fibres are by far 
the most superior method for waveguiding, especially over long distances, i.e. 
kilometres. For on-chip optical interconnects the required distances are 
significantly shorter, in the order of centimetres at the most. 
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Optical fibres are drawn to form their cylindrical geometry; gravity and surface 
tension aid to provide this perfect axial symmetry. The manufacture of optical 
fibres is well developed. It is not possible to create a perfectly cylindrical optical 
waveguide by any other means; however it may be approximated by direct proton 
writing (as discussed in Section 2.2.1) of the core into a substrate using ion 
implantation. For high-energy light-ions the lateral and longitudinal straggling of 
the ions is almost equal (refer Section 2.2.3); thus providing pseudo-cylindrical 
geometry as the ion-beam is scanned across the substrate. 
 
The laws of physics determine the probabilistic distribution of the lattice damage; 
thus the size of the guiding region can be adjusted by selection of ion-beam 
energy and also over-layer masking to range-out the ions (see Section 4.4.3). In 
any event the resultant refractive index profile will be graded, possibly with a 
plateau in the centre-most region. However, in materials where the change in 
refractive index is not monotonic with respect to ion dose, this method may not 
work at all. 
 
Furthermore, in a material where ion implantation decreases the refractive index, 
the direct writing of the core is not applicable; in this case the cladding must be 
implanted. Producing an unimplanted cylindrical geometry (surrounded by 
implanted material) is theoretically possible but completely impractical; it is by 
far easier to create a square of rectangular geometry. Although leakage loss is 
increased using these rectangular geometries, it is not a major limitation 
considering the short lengths of these waveguides. The only consideration is skin-
depth δ; this is discussed further in the analytical expressions of the waveguides. 
Only in the case of single-photon transmission would this become an issue; 
however this can be overcome by using a repeat-until-success approach when 
transmitting the signal. 
 
Concerning rectangular geometries it is important to consider the minimum cross-
sectional area (or modal volume) of the waveguide to ensure single-mode 
operation. Optical fibre (cylindrical geometry) waveguides have the smallest 
modal volume; the greater the deviation from axial symmetry the greater the 
modal volume must be. As the width of the vertical side decreases, the breadth of 
the horizontal side must of course increase, but more than a simple scaling of the 
side length ratios. Exact analysis of waveguides with rectangular geometry is 
difficult, however analytical solutions have been found for slab waveguides. A 
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simplified yet accurate technique, as proposed by Marcatili (1970), combines the 
results of two slab approximations; lateral and vertical directions. Numerically 
solving the slab geometry is relatively straightforward, as shown in Appendix C. 
The detailed analysis of the slab propagating modes and also the modal leakage 
into the substrate are included in the appendix; the following section contains the 
calculated parameters based on the extracted refractive index data ascertained in 
this thesis. 
 
3.4.2 Calculated Slab Waveguide Parameters 
In the numerical analysis for a slab waveguide, the values used reflect those 
obtained from the ellipsometry measurements (as discussed in Chapter 5), while 
the numerical results obtained from the analysis are subsequently used in the 
waveguide simulations discussed later in this chapter. 
 
The analysis is conducted at the wavelength λ = 635 nm. The refractive indices 
used are as follows: ncore = 2.4134, ncladding = 1.0 (air) and nsubstrate = 2.3468. The 
refractive index combination gives γ, the cladding asymmetry parameter, as  
γ = 14.218, thus the normalised frequency for second order mode propagation 
equates to v = 2.227. The normalised propagation constant b is solved by the bi-
section method; b = 0.7033. Numerically solving for b is trivial when γ = 0, 
however when γ ≠ 0 the solving program performs much better given a reasonable 
starting value for b. This can be easily obtained using the graphical method where 
b is plotted as a function of v; as seen in Figure A3.3 in Appendix C. 
 
Given b, the remaining properties, i.e. the propagation constant, β, and the 
transverse wavenumbers, κ, σ and ξ, are calculated as follows: β = 23.69 µm-1,  
κ = 3.035iµm-1, σi=i21.52iµm-1, and ξ = 4.672 µm-1. Thus the skin depth in the 
substrate is δskini=i428inm. Furthermore, it is also possible to calculate the slab 
waveguide half-width a from the cut-off condition, thus a(λ = 0.635 µm) = 0.4 
µm. Once the propagation constant and the transverse wavenumbers are known, 
the power in the mode can be calculated. The power distribution in the three 
regions is given below; the corresponding mode profile (red curve) is shown in 
Figure 3.4.2.1. 
 
%4.75core =P , %2.20sub =P , %4.4super =P  
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There is little power in the air given the relatively similar refractive indices of the 
core and substrate. The more symmetrical the waveguide becomes, i.e. as γ → 0, 
the greater the power fraction outside the core. 
 
To analyse a buried slab waveguide, where the refractive indices for the 
superstrate (cladding) and substrate are equal (i.e. γ = 0), the following parameters 
are set: λ0 = 635 nm, ncore = 2.4134, and nsuperstrate =  nsubstrate = 2.3468. The same 
analysis can also be applied to find the lateral component of a channel waveguide 
with which the analysis of the previously investigated slab waveguide can be 
coupled. 
 
Since γ = 0, the normalised frequency for second order mode propagation equates 
to v = pi/2, while the normalised propagation constant b = 0.6464. Thus the 
remaining waveguide parameters equate to; β = 23.65 µm-1, κ = 3.313iµm-1, 
σi=i4.479iµm-1, and ξ = 4.479 µm-1. The skin depth is slightly larger than in the 
asymmetric case but is equal on both sides; δskini=i447inm. The half-width is 
calculated to be; a(λ = 0.635 µm) = 0.28 µm. Given this information, the mode 
profile (green curve) is shown in Figure 3.4.2.1; the power distribution in the three 
regions is as follows: 
 
%8.55core =P , %1.22sub =P , %1.22super =P  
 
FIGURE 3.4.2.1: Mode profiles for a slab waveguide with γ = 0 (green curve) and γ = 14.218 
(red curve). The corresponding half-widths, a, are also shown. (Colour online) 
 
asym = 0.28µm a = 0.40µm 
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The fabrication methods discussed in this chapter are used to form planar 
waveguide structures on a diamond substrate. It is important to isolate the guiding 
core region sufficiently far from the substrate, as diamond has a refractive index 
that is appreciably higher than that of the cladding. The higher refractive index of 
diamond gives rise to substrate leakage as the light propagating in the core will 
leak from the lower refractive index buffer layer (cladding) into the higher index 
substrate through optical tunnelling, which is analogous to frustrated total internal 
reflection. In the diamond substrate, the light is propagated away from the 
waveguide, as diamond is relatively non-absorbing in the wavelengths of interest. 
 
From the above waveguide parameter and eigenvalues (as derived in the 
Appendix C), the leakage loss may be calculated. Loss is usually expressed in 
units of dB/cm, which is easily plottable as a straight-line on a semi-log scale as 
shown in Figure 3.4.2.2. 
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FIGURE 3.4.2.2: Substrate leakage for the fundamental mode of the square-core BCW on a 
diamond substrate as a function of the normalised cladding thickness D = d/a. 
 
Assuming a maximum acceptable substrate loss of 0.01 dB/cm – since the 
waveguide lengths for their intended purpose are of the order of millimetres – 
then the minimum cladding thickness should not be less than about 2.7a, i.e. at 
least comparable to the core width. Such cladding thicknesses of the implanted 
layer may be produced by multi-energy techniques as detailed in Section 3.4.3.4. 
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3.4.3 Modelled Waveguides 
In other waveguide structures, i.e. square, rectangular, rib, ridge, etc., the 
fundamental mode does have a finite cut-off thickness, however this is usually 
about a factor of two smaller than the value for m = 1 (Southworth 1950). Thus by 
considering a waveguide with dimensions slightly smaller than those required for 
second order mode propagation, single-mode propagation can be maintained 
while maximising the power distribution to the core. 
 
From the numerical analysis of the waveguide structures considered in this section 
the normalised frequency, as determined by the Finite Element Method (Snyder 
and Love 1983), has been used to calculate the waveguide dimensions. The values 
for the refractive indices are taken from the ellipsometry results presented in 
Chapter 5, where it is clear that the cladding structure of the optical waveguide 
must be implanted; the core of the waveguide must have the higher refractive 
index and this only occurs at high fluences where the optical attenuation is great. 
 
Furthermore, a greater refractive index contrast between the cladding and the core 
region allows for minimisation of the size of the waveguide structure. Thus the 
choice of the ion implantation fluence at which the greatest difference in 
refractive indices, below that of bulk diamond, is clear. A number of different 
waveguide geometries were considered and simulated, the details of which are 
discussed below. The considered structures are presented in order of fabrication 
ease, which ironically is contrary to the simplicity of the numerical analysis. In 
addition, the waveguide dimensions in the following structures are the maximum 
values that would guarantee single-mode propagation. 
 
3.4.3.1 The Ridge 
The simplest choice for the type of waveguiding structure to be considered is the 
ridge waveguide, similar to a micro-strip line used in RF electronics. Using the 
ellipsometric values for refractive index and layer thickness from the 
5×1013iions/cm2 gallium implantation, while also accounting for the ion induced 
swelling, the modelled waveguide structure, illustrated in Figure 3.4.3.1, was 
programmed into the WGMODES simulation software. The results are shown in 
Figure 3.4.3.2. 
Chapter 3. Preliminary Investigations and Simulations 
Page 116 
 
FIGURE 3.4.3.1: Representation of a ridge waveguide with confinement assisted by ion-modified 
diamond. The mode profile is exemplified by the blue ring. 
 
The waveguide is created by ion implantation using two different energies (or 
energy bands; the idea of energy bands is explained in Section 3.4.3.4). Initially, 
the bottom confinement layer is implanted at high-energy (as the penetration 
depth is greater). The ridge waveguide is then created by implanting a shallow 
strip on both sides of the desired guiding region. The top layer being air completes 
the vertical confinement for the propagation mode, while lateral confinement is 
assisted by the ion-implanted ridge. Details regarding the implantation of the 
bottom layer are discussed in Section 3.4.3.4. 
 
It is clear from Figure 3.4.3.2 that an adequate level of modal confinement cannot 
be achieved by this method. The -30idB level extends to about 10 times the ridge 
half-width in the horizontal lateral directions, however the mode is well confined 
vertically; the -30idB level is well away from the substrate. Nevertheless, even 
such a shallow ridge structure is sufficient (given an appropriate width) to confine 
the optical mode below it. Although power is not lost due to the broadening of the 
mode, it would be difficult to couple the light at the end of the guide without 
incurring losses. A greater refractive index contrast, or a higher ridge structure, 
would improve lateral confinement, as demonstrated in the following two 
examples. 
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FIGURE 3.4.3.2: WGMODES simulation of the ridge waveguide considered in Figure 3.4.3.1. 
Clockwise from top left: Line drawing of the waveguide cross-section indicating 
refractive indices and maximum dimensions for single-mode propagation (not to 
scale). Modal intensity profile in the longitudinal direction. Modal intensity 
represented in 3D. Modal distribution profile in the horizontal direction. Modal 
distribution profile in the longitudinal direction, outer contour indicates the -30 dB 
level. Modal distribution profile in the vertical direction.  
 
 
nair = 1 
ndiamond = 2.4134 
ndiamond = 2.4134 
nimplanted = 2.3468 
nimplanted nimplanted 
2d = 1320nm 
2a = 940nm 
h = 30nm 
t = 750nm 
λ = 635 nm 
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3.4.3.2 The Bottomless Ridge 
Free-standing diamond structures (membranes) have been investigated in the past 
(Olivero et al. 2006); their fabrication has been discussed in Section 2.2.2. The 
required dimensions for single-mode waveguiding may be too small for 
maintaining their structural integrity. The horizontal dimension can be increased 
to strengthen the structure, while the single-mode guiding capability can be 
reintroduced with the aid of the ridge topology. Such a structure is shown in 
Figure 3.4.3.3; this is a cross-sectional diagram of a waveguide similar to the one 
in Figure 2.2.2.2. 
 
 
FIGURE 3.4.3.3: Representation of a free-standing (membrane) ridge waveguide with confinement 
assisted by ion-modified diamond. The mode profile is exemplified by the blue ring. 
 
The ridge structure can also be created by RIE, similar to the following example, 
however the process is far more complicated on the delicate membrane structures. 
This structure achieves the highest power density in the core region of the 
considered ridge type waveguides, but displays almost identical broadening of the 
mode as the waveguide in Section 3.4.3.1 (The Ridge); the modal simulation is 
thus not presented here as the modal confinement is only marginally better. 
Furthermore, as this work deals with utilising the optical modifications of the 
material by ion beams and not carving structures in substrates, the result is only 
mentioned here as a matter of interest in the evolution of the modal confinement. 
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3.4.3.3 The Higher Ridge (or Rib) 
The focusing power of the ridge can be improved by either increasing its height 
or, increasing the refractive index contrast, or both. The refractive index contrast 
can be increased by removing the volume adjacent to the guiding region, thereby 
exposing the walls of the ridge to air thus creating a rib structure. The easiest way 
to do this is by using reactive ion etching (RIE) to remove the exposed surface at a 
controlled rate (Sandhu and Chu 1989); a mask is used to prevent unwanted 
etching. Using this process, it is also possible to controllably increase the height 
of the ridge. This is represented schematically in Figure 3.4.3.4. Increasing the 
height of the ridge without the removal of material is explained in Section 3.4.3.4. 
 
 
FIGURE 3.4.3.4: Representation of an improved ridge waveguide with confinement assisted by 
removal (using RIE) of part of the diamond. The mode profile is exemplified by the 
blue ring. 
 
Both the height of the ridge and the refractive index contrast are now greater 
(refer Figure 3.4.3.4) after the RIE removal. The RIE process can be applied until 
the desired ridge height is achieved. The modal confinement is clearly improved 
as seen in Figure 3.4.3.5. A larger refractive index contrast enables the reduction 
of the waveguiding layer thickness; for single-mode propagation there is a 
maximum value that the waveguide can take before becoming multimodal. It may 
be necessary to have a larger refractive index contrast in both transverse 
directions, thus creating a channel waveguide. Two examples of channel 
waveguides are discussed in the two remaining sub-sections.  
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FIGURE 3.4.3.5: WGMODES simulation of the ridge waveguide considered in Figure 3.4.3.4. 
Clockwise from top left: Line drawing of the waveguide cross-section indicating 
refractive indices and maximum dimensions for single-mode propagation (not to 
scale). Modal intensity profile in the longitudinal direction. Modal intensity 
represented in 3D. Modal distribution profile in the horizontal direction. Modal 
distribution profile in the longitudinal direction, outer contour indicates the -30 dB 
level. Modal distribution profile in the vertical direction.  
 
 
nair = 1 
ndiamond = 2.4134 
ndiamond = 2.4134 
nimplanted = 2.3468 
2d = 1320nm 
2a = 640nm 
h = 400nm 
t = 750nm 
λ = 635 nm 
nair = 1 nair = 1 
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3.4.3.4 The Channel 
In this approach the details involved in the implantation of the bottom horizontal 
confinement layer are outlined. In all the considered examples here, this is 
achieved by implanting MeV helium ions to a fluence that would result in the 
equivalent level of damage (vacancy concentration = 5×1021ivac/cm3) as the 
gallium implantations. The ion energy will determine the penetration depth, while 
the ion fluence must be adjusted accordingly to maintain the same vacancy 
concentration. Since the vacancy concentration is still well below DC, before any 
significant material modification occurs, and involves light-ions, it is reasonable 
to assume (Khomich et al. 2007) that the change in refractive index would be 
similar to that attained by the gallium implantations; this of course would need to 
be verified empirically. 
 
It is important to note that the guiding region would have been subjected to low 
levels of electronic damage and as a result would exhibit a higher loss 
(attenuation) than pristine diamond. However, as can be seen from the damage 
profile in Figure 3.1.3b, the electronic damage is many orders of magnitude lower 
than the nuclear damage at the ion end of range. This could only become 
problematic in single-photon transmission. It should also be noted that since the 
construction of these waveguides is by a bottom-up approach, any additional 
implantations or other processes that may require annealing, are not possible; they 
should be implemented in the initial stages. 
 
Nevertheless, this loss could be dramatically reduced by implantation to a slightly 
higher fluence, followed by a mild thermal anneal of the sample. It has been 
shown (Draganski et al. 2005) that the low-level damage (caused by electronic 
stopping) anneals out much quicker than the high-level nuclear damage; it is the 
level of damage that determines the rate of annealing repair, the type of stopping 
(electronic or nuclear) is merely stated here to associate with the depth of the 
implantation. 
 
The bottom layer would need to be as wide as the whole waveguiding structure 
(core and cladding) in order to negate any effect of the ion induced swelling, 
which is small in any case (≈ 5 nm, refer Section 3.1). Following the implantation 
of the bottom layer, lateral confinement could be achieved using multi-energy ion 
implantation to create the walls. This process is also bottom-up and involves 
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implanting the ions at sequentially lower energies. The energy-reduction-step and 
the ion fluences required at each energy (to create the necessary vacancy 
concentration) need to be calculated, taking into account the effect of the previous 
implantation on the overall damage concentration. This is not a trivial matter; 
nevertheless it can be achieved semi-empirically. The waveguide illustrated in 
Figure 3.4.3.6 is proposed using this technique. 
 
 
FIGURE 3.4.3.6: Representation of a channel waveguide with lateral confinement achieved by multi-
energy implanted ion-modified diamond. The mode profile is exemplified by the 
blue ring. NB: Colour graduation represents energy reduction and not damage 
concentration. 
 
The improved modal confinement is clearly evident as seen in the results of 
simulations presented in Figure 3.4.3.7. The modal confinement is strong, 
however due to the presence of air as the top confining medium the mode profile 
is still ellipsoidal. The channel type waveguides exhibit modal intensities of a 
factor of 100 better than the planar ridge/rib waveguides. Not only are the depths 
(heights) of the layers reduced, the required amount of side cladding is minimised 
as well; not much more than a micron of cladding either side of the channel core 
is needed to adequately confine of the mode. 
 
Nevertheless, implanting the side walls could prove difficult; without a doubt 
masking would be required to improve the construction of the waveguide. 
Masking would also enable the complete isolation of the channel guide as seen in 
the following example – complete 3D designs of networks of waveguides could 
be possible using buried guides.  
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FIGURE 3.4.3.7: WGMODES simulation of the channel waveguide considered in Figure 3.4.3.6. 
Clockwise from top left: Line drawing of the waveguide cross-section indicating 
refractive indices and maximum dimensions for single-mode propagation (not to 
scale). Modal intensity profile in the longitudinal direction. Modal intensity 
represented in 3D. Modal distribution profile in the horizontal direction. Modal 
distribution profile in the longitudinal direction, outer contour indicates the -30 dB 
level. Modal distribution profile in the vertical direction.  
 
 
nair = 1 
ndiamond = 
 2.4134 
ndiamond = 2.4134 
nimplanted = 2.3468 
2d = 560nm 
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3.4.3.5 The Buried Channel 
The final example considered here is the buried channel waveguide. The 
uniqueness of this design is that it may be available to create waveguides within a 
much greater depth distribution by using hydrogen ions; effectively these 
waveguides may be created at depths up to 100 µm in diamond. These waveguide 
structures are created in the opposite manner to the direct-write method; the 
modified region is the cladding and not the core. 
 
An advantage of deep hydrogen implantation is that the longitudinal ion-
straggling is the same size as the dimensions of the waveguide, thus effectively 
the walls for lateral confinement can be implanted using a single energy. For 
implantation at shallower depths, i.e. under 10 µm, the longitudinal ion-straggling 
is much smaller. As a result, to build up the required heights of the cladding a 
multi-energy ion implantation technique must be employed. 
 
FIGURE 3.4.3.8: Representation of a buried channel waveguide with confinement assisted by ion-
modified diamond. The mode profile is exemplified by the blue ring. NB: Colour 
graduation represents energy reduction and not damage concentration. 
 
The waveguide shown in Figure 3.4.3.8 is a buried symmetrical structure (square 
geometry and γ = 0). It exhibits the best modal confinement of any rectangular 
waveguide – it is the closest approximation of an optical fibre. By setting the 
dimensions of the waveguide just below cut-off for the second order mode, most 
of the fundamental mode is maintained in the core (as seen in Figure 3.4.3.9), thus 
leakage loss is minimised. 
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FIGURE 3.4.3.9: WGMODES simulation of the channel waveguide considered in Figure 3.4.3.8. 
Clockwise from top left: Line drawing of the waveguide cross-section indicating 
refractive indices and maximum dimensions for single-mode propagation (not to 
scale). Modal intensity profile in the longitudinal direction. Modal intensity 
represented in 3D. Modal distribution profile in the horizontal direction. Modal 
distribution profile in the longitudinal direction, outer contour indicates the -30 dB 
level. Modal distribution profile in the vertical direction. 
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ndiamond = 
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The examples discussed above demonstrate the feasibility of constructing waveguides 
in single-crystal diamond by ion implantation. In terms of minimising structure size, 
adequate waveguiding can be achieved in a structure that is approximately 3 µm wide 
and 1.5 µm deep (Figure 3.4.3.7); the core of this type of waveguide is still easily 
accessible from the surface where post-processing of colour-centres and defects may be 
introduced. 
 
The design of these waveguides hinges on knowledge of the refractive index of ion-
implanted diamond. The remainder of this thesis addresses the experimental details of 
test sample creation and measurement, providing a detailed discussion of the results 
extracted from the data, and finally offering a theoretical explanation to support the 
findings. 
 
  
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
If we knew what it was we were doing, it would not be called research, would it? 
 
 Albert Einstein 
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To conduct this series of experiments, it is important to consider and plan the 
preparation, development and measurement of the diamond samples, especially as 
samples are expensive. Depending on the experimental technique to measure a given 
property, the diamond must be implanted in a regime suitable to the measurement. 
Different implantation regimes are examined in Section 4.1 and related to their 
respective measurements in Sections 4.2 and 4.3. Pre- and post-processing of the sample 
may be required, the particulars of which are discussed in Section 4.4. 
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4.1 Ion Implantation 
Ion implantation is the method used within this thesis to induce a change in the optical 
properties of the diamond (Townsend 1987). Ion implantation into diamond resulted in 
a visible darkening of the implanted area when viewing the transmission, while upon 
the inspection of the reflectance, the areas appeared both brighter and darker than the 
surrounding bulk material. The ion implantation has clearly modified the optical 
properties of the material; the purpose of this thesis is to determine exactly how, and to 
what degree, this modification occurs. 
4.1.1 Considerations 
As explained in Chapter 2, ions implanted at different energies undergo different 
physical reactions, namely nuclear and electronic stopping, as they penetrate the 
target material, losing energy along the way and creating the greatest amount of 
structural damage (nuclear damage) as they come to rest at their end of range. 
Hence the same type of ion implanted at a higher energy penetrates deeper and 
creates more damage. However, recall that the mass of the ion must also be taken 
into account when deciding on an implantation regime. More massive ions create 
more damage per incident particle, but have a shallower end of range. Both the 
energy and the mass of the ion affect the ion distribution within the target 
material, as described in Section 2.3. 
 
Lattice damage can be quantified by the number of lattice vacancies and 
displacements created by the implantation ion and even the recoiled lattice ions; 
the quantity of vacancies per unit volume is a common measure of the damage 
and vac/cm3 is used within this work. To create the same amount of damage by 
high-energy light-ions as low-energy heavy-ions, orders of magnitude more ions 
are required, usually of the same order as the energy difference. This results in 
longer implantation times since implantation flux rates do not differ greatly 
between implantation apparatuses. 
 
Furthermore the possible implantation energies of any given implanter may not be 
available to achieve the required ion fluence and distribution, i.e. implantation 
regime. Typically an implanter with a higher flux rate may not have the capability 
to implant a desired ion and/or energy while also maintaining spatial resolution. 
To further complicate matters, higher flux rates may lead to in-situ annealing if 
Chapter 4. Experiments 
Page 130 
the energy density of the ion beam is above a certain level, while extended 
implantation times further exacerbate this effect. 
 
Consideration of sample real-estate, i.e. the amount of surface area of the sample 
available to produce a set of measurable implantation regions, is of great 
importance to obtain accurate and unadulterated results. In this work, since the 
goal is to measure an effect with respect to the number of implanted ions, the set 
should ideally be contained on a single sample. Large implantation areas 
consequently lead to longer implantation times. Even if the implantation flux rate 
is reduced, sample heating can still occur and result in the in-situ annealing of the 
damage as it is being created. The addition of thermal sinking of the sample may 
not be sufficient to overcome this effect and it may even skew the implantation 
conditions, which should be controlled and consistent, even if not accurately 
known. Hence the reproducibility of long implantations may be poor. 
 
4.1.2 Concepts 
Different measurement techniques, which are discussed in the following sections, 
require different implantation regimes. Some may require that the damage be at or 
near the surface of the sample, while for others macroscopic homogeneity of the 
damage is vital. Most implantation regimes will offer one or the other. It may be 
possible to construct an implantation regime that offers both - a thick 
homogeneous implant extending from the surface - but the calculations, testing, 
adjustments and subsequent re-evaluations to achieve this accurately would 
constitute a thesis in its own right. 
 
The main reason for this difficulty lies in the limited accuracy of the software 
programmes for simulation of the distributions of implanted ions. For a mono-
energetic ion beam simulation, the simplifying assumptions in the software do not 
considerably affect the ion distribution; in reality the electronic damage does not 
significantly affect the ions as they are less likely to undergoes nuclear stopping 
while at depths where damage dur to electronic stopping has occurred. This is due 
to the fact that the ions are still of a high enough energy at these depths to only 
interact on an electronic level and the effect is ignored. Once the ions are 
implanted to produce a layer with the required amount is damage, the subsequent 
implantations at lower energies results in shallower implants; however there is 
already a high degree of residual electronic damage in this layer which would 
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affect vacancy production. The simplifying assumptions that make the programme 
function on a realistic time-scale begin to accumulate and affect the accuracy of 
the calculations. 
 
In a twist of irony, the computing power required to track the progress of each 
incident and target ion and treat the whole ensemble, to say nothing of the 
sophistication of the software, is out side the grasp of modern technology, and 
would require the type of computer that this work is directed towards creating. 
Alternatively, as mentioned earlier, a thesis in the empirical determination of the 
implantation regime would also be useful. 
 
Another approach to create a thick homogeneous implant extending from the 
surface is implantation through a mask. This mask would have to be of exactly the 
same thickness as the depth of penetration of the ions in the same material. Since 
the target material in this work is diamond, the mask too would have to be made 
of diamond. A novel idea that was considered but ultimately dismissed utilised the 
concept of FIB assisted lift-off. 
 
A pristine diamond sample is implanted with 2 MeV He ions over an area of 
approximately 1 mm2; this creates a fully damaged layer, implanted beyond the 
critical amorphisation threshold, 400 nm thick and 3.5 µm below the surface. This 
layer is a sacrificial layer to be etched away. The sample is annealed to promote 
graphitisation of the amorphous layer. The FIB is used to cut a pattern in the 
shape of a thick blocky letter U, a bit smaller in area than the sacrificial layer, the 
graphitised layer is then etch away, and finally annealed at high temperature to 
remove any residual damage. What is left is a cantilever with a submicron air gap 
beneath it. 
 
This cantilever serves as the mask since the ions that created the sacrificial layer 
will now instead pass through the air gap just as their energies are about to reach 
nuclear stopping, while also the geometry is preserved as the mask is perfectly 
perpendicular to the ion beam over the whole area of the implant; something that 
may not be possible with a simple cover mask. The ions consequently implant into 
the sample to create a thick homogeneous implant extending from the surface; for 
this implant the area is now only a few hundred µm2 as this is of sufficient size for 
most measurement techniques given the position of the implanted region relative 
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to the crater edges. The implanted area is made completely accessible upon the 
mechanical removal of the cantilever mask. 
 
 
FIGURE 4.1.2.1: A 3D schematical representation of; Left: The FIB assist lift-off created 
cantilever and the He ion implantation through it. Right: the implanted area 
accessible after the removal of the cantilever. 
 
Theoretically this idea holds much merit, however from a practical perspective it 
was deemed unfeasible. To implant such a large area would take days of round-
the-clock ion bombardment, during which time the sample would be susceptible 
to a number of adverse effects such as in-situ annealing, beam-energy drift and 
longitudinal beam defocusing among others. Implantation in stages would take 
weeks and beam-energy drift would still be an issue. Sample real-estate would 
also limit the set of measureable implant regions to no more than four due to 
maintain the surface structure of the sample to keep the cantilevers in place and 
intact. The requirements for large implantation areas are further discussed in 
Section 4 of this chapter. 
 
Thus the task of creating the perfect implanted layer was abandoned in favour of 
making accurately reproducible implantation layers, and cross-referencing 
measurements of the sought-after properties. 
 
4.1.3 Creation 
For the experiments carried out in this work, the various samples were implanted 
with either high-energy 3 MeV hydrogen, or low-energy 30 keV gallium ions. 
Both methods of implantations were performed at the University of Melbourne, 
Australia. The hydrogen and helium implants were created using the MARC 
(UofM) MP2 nuclear microprobe beam-line attached to the 5U Pelletron particle 
accelerator located at the School of Physics (Figure 4.1.3.1), while gallium was 
implanted using a FEI dual beam FIB/SEM at the Bio21 Research Centre (Figure 
4.1.3.2). Fluence was measured by integrating the current over implantation time. 
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In the FIB/SEM the current is controlled very precisely by the apparatus, while 
the variation can be observed in-situ by the secondary-electron emission. The 
current was recorded before and after every gallium ion implantation; it was 
typically 10000 pA and varied only by between 10 – 100 pA. The flux in the 
secondary-electron emission remained within noise limits. The details of defining 
the implantation area are mentioned here after Figure 4.1.3.3 and in Section 4.4.2. 
 
For the high energy implantations the fluence was measured by monitoring the 
beam current. Beam currents were measured before and after implantation with a 
Faraday cup in a target position, and beam stability was monitored during 
irradiation on four quadrant plates mounted in front of the defining aperture. 
Implantation uniformity over the area was improved by electrostatic XY rastering 
of the beam. The ion beam current ranged from ≈ 5 pA to ≈ 0.5 nA for different 
implantations, with implantation times less than 10–30 min. The area of the 
implanted region was defined from the XY raster scan settings, or by the spot size. 
 
 
FIGURE 4.1.3.1: The MARC (UofM) MP2 nuclear microprobe beam-line attached to the 5U 
NEC Pelletron Accelerator. Detailed information on the MP2 nuclear 
microprobe beam-line can be found in Jamieson (1995). 
 
The specific procedures and conditions for the high energy implantations are 
outlined in the previous chapter. However, it is important to note here that the 
diamond samples for the high energy implantations were tilted to negate 
channelling effects. The samples were mounted on a goniometer such that the 
surface normal is at a 7° angular off-set away from the direction of the ion-beam. 
This procedure has been established in Turner et al. (1981) and is now standard 
practice. The effect of the tilt on the ion range is less than a 1% decrease in the 
range and hence also the thickness of the implanted layer; the ramifications of this 
difference are considered negligible. Swelling is not affected by the sample tilt as 
the direction of the swelling is normal to the surface and not in the direction of the 
ion-beam. 
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FIGURE 4.1.3.2: The Bio21 FEI dual beam FIB/SEM which is equipped with an FEG electron 
source capable of 2.5 nm resolution, a Gallium liquid metal ion source (5–30 
keV) with 7inm resolution (30 keV @ 1 pA), gas phase etchant and 
metallisation sources and an EDAX analysis system. 
 
Since the samples that were implanted with gallium yielded the most useful 
optical measurements, the implantation processes is described in detail as follows. 
Gallium implanted at 30 keV produces an ion distribution profile that begins with 
a high vacancy concentration at the surface that extends no more than 30 nm, with 
1/e of the maximum concentration occurring at 17 nm as shown in Figure 4.1.3.3. 
Each gallium ion creates an average of 333 vacancies in diamond assuming a 
lattice displacement energy, Ed = 52 eV (Kalish et al. 1999a), and specific gravity 
of 3.52ig/cm3 (Field 1992). The FIB can produce an ion current of up to 10 nA – 
equivalent to about 1011 ions/second. The creation of the highest fluence region 
would take a matter of seconds, thus the flux rate was not an issue. 
 
Following the decision to use ellipsometry as the optical measurement technique, 
discussed in Section 4.2.3.1, the diamond sample was implanted with the 
following considerations in mind: 
• The extent of surface damage, since the damage profile is not ideally 
homogeneous and atomically abrupt at the end of range; 
• Large implantation area, (approximately 0.5 x 0.5 mm) to enable confident 
probing with the ellipsometer beam spot of 250 µm diameter and to be 
optically visible by unaided means; 
• Sample real-estate (the diamond is only 3 x 3 mm in size), which allows 
for six implantation regions while also leaving areas of pristine diamond. 
 
For the six regions, ion implantation fluences were chosen to span a range around 
the critical amorphisation threshold of 1022 vac/cm3 which is equivalent to 1014 
gallium ions/cm2 as deduced from TRIM (Ziegler et al. 2010). Thus the six ion 
implantation fluences were multiples of 1, 2 and 5 of 1013 and 1014 ions/cm2. 
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FIGURE 4.1.3.3: The 30 keV Ga implantation vacancy distribution profile in diamond 
assuming the lattice displacement energy, Ed = 52 eV, and specific gravity of 
3.52 g/cm3. 
 
The software that runs the FIB does not handle implantation of such large areas; it 
is a device designed for milling and not ion implantation. However, since the FIB 
is coupled with an SEM, it is possible to first align the sample at the desired 
position and distance (by means of magnification) with the SEM, and then image 
with the gallium beam. The term image refers to blindly scanning the gallium 
beam over the maximum lateral range without the aid of the software to make the 
implantation pattern, in this case a rectangle. The software does allow for the 
selection of the beam current, thus for any chosen ion fluence, f (ions/cm2), the 
calculation of the implantation time is derived from the formula: 
ItfAq =  
The area, A (cm2), is calculated from the SEM image; q is the elemental charge 
(1.6x10-19 C/ion); I is the beam current (A) and time, t, is given in seconds. It is 
essential to implant over a longer time period, at a lower beam current, to produce 
a uniform implanted area, for a number of reasons. 
 
Bombarding an insulator with charged particles results in a charge build-up on the 
surface; positive ion bombardment and secondary electron ejection leaves the 
surface positively charged. However this effect, which is typically 
disadvantageous, is used beneficially to ensure a uniform implantation over a 
large area. Since the beam rastering is limited by the resolution of the FIB, the 
raster pitch over such a large area is ordinarily greater than the spot size of the 
beam. At lower beam currents, the beam is slightly defocused to produce a larger 
spot size. 
 
1/e @ 17 nm 
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FIGURE 4.1.3.4: An optical micrograph of the implanted diamond with the greatest fluence 
(R1) region in the bottom left corner and lowest (R6) in the top right. 
 
Furthermore, as diamond is an electrical insulator, a static charge develops on the 
surface, which affects the resolution of the ion beam. This is normally avoided by 
depositing a conductive layer, usually carbon, on the surface and grounding the 
whole sample. However, in this case, resolution is not important and the surface 
charging effect offers a favourable outcome to the implant uniformity problem; 
since the beam rasters several hundred times during the course of the implant, and 
is slightly more repelled and diffused up on each scan, a closely uniform 
implantation is achieved. An optical micrograph of the implanted diamond sample 
is in Figure 4.1.3.4, with each region labelled; this numbering scheme will be used 
throughout this work.  
 
Surface sputtering is considered to be negligible. Since sputtering is not only a 
function of the ion fluence, but is mainly a function of surface binding energy 
(SBE), which in itself is a function of the ion fluence, it is difficult to ascertain. 
This is especially relevant for crystalline targets (such as diamond) which have a 
higher SBE than the amorphous phase of the target (the value for which is usually 
known from literature), that decreases with increased ion fluence. 
 
Therefore the effect of sputtering was calculated as for an amorphous target at the 
highest fluence. SRIM calculations show that for amorphous carbon (SBE = 7.41 
eV), the integral number of sputtered carbon atoms is no more than 1.54 
atoms/ion. Give the atomic surface density of diamond is 3.15x1015 atoms/cm2, at 
the highest fluence of 5x1014 ions/cm2, the number of sputter ions is under 25% of 
the surface layer. Thus not even a monolayer is removed during the implantation. 
R5 
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R4 
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4.2 Measurement Techniques - Optical 
Five optical measurement techniques were tried and assessed, along with two non-
optical measurements, namely electrical conductivity and profilometry, the latter being 
used to measure the swelling of the diamond consequent to ion implantation. These two 
measurements were conducted successfully upon their initial investigation and are 
mentioned in Section 4.3. 
4.2.1 Introduction 
There are a number of ways to measure the refractive index of a material, be it a 
bulk sample or a thin film. The effort becomes complicated when there are 
problems of surface roughness, additional layers and non-homogeneity within 
those layers. Extraction of both the real and imaginary parts of the refractive index 
along with the layer thickness may require the use of several different 
measurement techniques concurrently to verify and support each other as the 
values are all interrelated, or the use of one measurement technique pushed to the 
limit of its capability. Even then supporting measurements are required to verify 
the validity of the results. 
 
As outlined in Section 2.4, the five measurement techniques investigated were 
initially: interferometry; an assortment of reflectance and transmittance 
measurements (the specifics of which are described later in this section); 
ellipsometry; and finally quantitative phase-contrast microscopy. This section 
reports on both the ineffective and successful optical measurement techniques that 
were conceived, attempted and utilised in order to measure the refractive index of 
ion-implanted diamond. 
 
4.2.2 Preliminary and Ineffective Techniques 
The three varying optical measurement techniques that yielded inconclusive 
results are discussed below. For some, samples were specifically prepared for the 
attempt, while others were dismissed upon further investigation on the basis that 
the technique lacked the accuracy to yield a successful measurement. Although 
they were ineffective, they are included here for the sake of completeness. 
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4.2.2.1 Interferometry 
It was deemed reasonable to assume that the refractive index of the implanted 
diamond may lie somewhere between that of pristine diamond and graphite; i.e. at 
637 nm, n(diamond) = 2.412 (Zaitsev 2001), n(graphite) = 2.6 (Taft and Philipp 1965). 
Both diamond and graphite are highly dispersive, even over the visible spectrum. 
Furthermore the refractive index of graphite is different in the ordinary and 
extraordinary axis; the average refractive index of amorphous graphite is taken as 
a 2/3 and 1/3 contribution of the ordinary and extraordinary refractive indices 
respectively due to its symmetry (Draine and Lee 1984). 
 
A massive difference in refractive index, ∆n, of around 0.1 could be resolvable 
given an adequate modified layer thickness, d, to increase the optical path 
difference (OPD = d∆n). High-energy ions were used to create an implanted layer 
of thickness 0.5 µm, thus about 2 wavelengths of red light in diamond, hence a ∆n 
of 0.1 would produce an excepted interference fringe shift of 1/10 of a 
wavelength; a noticeable shift. 
 
An area of 400 x 400 µm was implanted using 3 MeV helium ions from the 
Pelletron attached to the MP2 microprobe line. Full raster scanning resolution was 
used to ensure uniform ion implantation. The ion fluence selected for this initial 
experiment was 1x1017 He ions/cm2, corresponding to a vacancy concentration of 
5x1022 vac/cm3. As mentioned in Section 3.2, the critical amorphisation threshold 
of deeply buried implants is several times greater than at the surface; it was 
expected that at this level of damage significant changes in the diamond would be 
present and measureable. 
 
The Mach-Zehnder interferometer, of the type described in Section 2.4.2, was set 
up to mount the diamond sample in one arm of the arrangement. The HeNe laser 
beam at 632.8 nm was expanded slightly larger than the diamond sample and the 
interference pattern was projected onto a cooled CCD array and displayed on a 
computer screen. The result did show a phase shift in the interference pattern; 
however it was inconsistent over the implanted area from one side to the other, 
probably owing to imperfections in the precise alignment of the experimental 
setup. Thus the result only offered a qualitative perspective into the difference of 
the refractive index. The study was never expected to yield a quantitative outcome 
and so precision alignment was not attempted. Nonetheless, the clear indication 
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that the refractive index had been modified led to improved attempts to measure 
and quantify the results. 
 
4.2.2.2 Quantitative Phase-contrast Microscopy 
Quantitative phase-contrast microscopy (QPM) is a non-interferometric method 
that can be used with partially coherent light in a conventional bright-field 
microscope to determine the phase shift introduced into an optical wavefield by a 
transparent specimen. In contrast to other phase imaging techniques, it provides 
simultaneous but separate quantitative information about both the absorption of 
the specimen and the phase. QPM involves measuring the phase of light passing 
through the sample into the microscope in transmission mode. Three images are 
captured, in the plane of focus, and two out of plane images (plus and minus), by 
changing the focus by a known amount equally in both directions. 
 
The exact thickness, t, of the sample needs to be determined to an accuracy better 
than 20inm (δt = ndλ/10), where nd is the refractive index of diamond. The three 
microscope images are combined using dedicated software to produce a phase 
map. It is important that the entire irradiated area is within the field of view of the 
microscope (Figure 4.2.2.1), along with a border of pristine diamond, to 
adequately show the contrast in the phase between the two regions. 
 
 
FIGURE 4.2.2.1: The field of view in microscope; showing a section of diamond (yellow) that 
has been implanted (grey). NB: entire implanted region is visible, along with 
border pristine diamond. 
 
The refractive index difference, δn, between the two materials, can be extracted 
from the phase difference, δφ, between the pristine and implanted diamond, by the 
relation, 
n
t δ
piλ
δφ
=
02
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By adding this value of δn to the refractive index of pristine diamond at the 
wavelength of the measurement, the absolute value of the refractive index for ion-
implanted diamond is obtained. 
 
It was expected from the beginning that employing microscopy on diamond 
would have inherent difficulties owing to the large mismatch of the refractive 
index with air; the quality of the image suffers from aberrations. While tests were 
carried on the feasibility and sourcing of index matching fluids and immersion 
oils, two different quantitative phase-contrast microscopy approaches were 
considered. 
 
The first possible approach involved the implantation of a diamond (type IIa, 
approximately 100 µm thick, with all 6 sides polished) with 3 MeV hydrogen to 
produce an adequate longitudinal straggle of 4 µm FWHM. The ions would be 
implanted, to different fluences, by scanning the beam along the entire length of 
the sides of the diamond. The sample would then be viewed side-on, parallel to 
the direction of the beam scan, producing an image similar to that depicted in 
Figure 4.2.2.1. 
 
FIGURE 4.2.2.2: 3D view of diamond sample, indicating damaged regions at various fluences. 
 
The implantation produces an almost cylindrical (as longitudinal and lateral 
straggling are similar) damaged region from one major facet to the other, i.e. a 
tube of damage through the diamond (Figure 4.2.2.2). Furthermore, a cylindrical 
geometry is not necessary; indeed a 10-50 µm wide implanted area would be more 
readily locatable with the microscope than a single circular area, the minor axis 
would still be 4iµm thick. Measurement would follow the method described above 
and depicted in Figure 4.2.2.1. 
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To help test the feasibility of this approach, a sample originally intended for other 
purposes was donated to test the effectiveness of various refractive index 
matching substances. The sample was left over from an experiment growing 
chemical vapour deposition (CVD) diamond on an aluminium oxide (sapphire) 
substrate. It was polished down to approximately 100 µm and viewed edge-on for 
the QPM measurement. Since the refractive indices of both materials are known, 
the proximity of the measured values to the expected values would gauge the 
effectiveness of the refractive index matching substance. 
 
Attempts to measure the difference in refractive indices between the diamond and 
sapphire on the prepared sample were made using both a refractive index 
matching fluid (n=1.451) and an immersion oil (n=1.78) that were readily 
available. The results of the fluid measurements showed vast variations in 
refractive index profile across the sample and gave nonsensical values, while for 
the oil the results produced a smaller variance; however the values were still 
between 5-20% of the expected values. 
 
The use of a refractive index melt was considered. The melt has an index of 
n=2.32 and it was thought that the small mismatch would not significantly skew 
the results. However, due to the toxicity of the melt and related OH&S issues, the 
melt covered sample would need to be placed inside a specially designed mount 
which would introduce further inaccuracies to the measurement. Consequently, 
another technique utilising optical tomography was suggested. 
 
The alternative idea was to couple QPM with optical tomography. It has been 
demonstrated (Goh et al. 2007) that QPM can be used with standard tomographic 
procedures to reconstruct the three-dimensional refractive index structure of an 
optical fibre. Since a transverse phase measurement of the fibre represents a 
projection through the refractive index distribution within the fibre, a series of 
phase measurements as the fibre is rotated about its axis through 180° provides 
sufficient information to be used with standard tomographic reconstruction 
techniques to determine the three-dimensional refractive index distribution. 
Ideally a cylindrical geometry of the diamond, analogous to the optical fibre, 
would produce the optimum results. 
 
Illustrated in Figure 4.2.2.3 is the concept for implantation into a diamond wire of 
100iµm in diameter. Similarly to the previous idea, a beam of 3 MeV hydrogen 
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ions would create a cylindrical damage region at the centre of the diamond wire. 
By varying the ion fluence along the wire at set intervals, the set of measureable 
regions would be implanted. Each region need only be a few hundred microns in 
length and the tomography equipment would feed the diamond wire longitudinally 
down the apparatus. 
 
 
 
 
FIGURE 4.2.2.3: 3D conceptual diagram of implantation into a cylindrical diamond. 
 
Unfortunately, sourcing the diamond wire proved to be futile and was eventually 
dismissed upon finding a practical technique capable of measuring the refractive 
index without the need of index matching or complicated sample geometries. 
4.2.2.3 Micro-reflectance 
It was becoming apparent that a surface measurement technique would be 
necessary to accurately measure the refractive index. The limitations described in 
Section 4.1 and the unsuccessful outcomes of the previous attempts made it 
necessary to facilitate the implantation of areas only a few 100 square microns as 
further explained in Section 4.4.3. During the course of this work, reflectance and 
transmittance spectrometers with precision alignment were unavailable, thus the 
idea of utilising a micro-reflectance setup was considered. 
 
The idea was sourced from a paper by Park et al. (2002), describing the 
measurement of the effectiveness of an antireflective film. The same measurement 
technique could apply here. To measure the reflectance of a structure of only a 
few 100 µm requires an apparatus whose spatial resolution is less than the 
implantation area. With the use of an optical fibre to deliver and detect the light, 
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the spatial resolution is inherently on the order of the fibre core diameter, which 
for a typical multi-mode fibre is 125 µm; the schematic representation of the 
experimental setup shown in Figure 4.2.2.4 is taken from the work cited. 
 
 
 
FIGURE 4.2.2.4: Schematic diagrams for reflectance measurement. I0, R, C, and ρ are defined 
in the text. The top diagram shows the intensity contribution of the system, 
while the bottom diagram shows the intensity of the sample/reference. The 
combined intensities are measured by the OSA. 
 
The reflectance setup consists of a light source, a fibre coupler, a sample stage, 
and an optical spectrum analyser (OSA); the optical signal reflected from the 
sample is directly input into an optical spectrum analyser through a fibre. The 
reflectance measurement is simplified by use of the 2x1 fibre coupler; removing 
the need for beam-splitters, fibre couplers, and objective lenses for beam 
collimation/focusing from a conventional fibre-based optical measurement setup. 
In Figure 4.2.2.4, the symbols are defined as follows: I0 represents the input 
power whereas R, C, and ρ are: the Fresnel reflectance of the optical fibre/air 
interface; the coupling ratio of the 2x1 fibre coupler; and the reflectance 
coefficient of the sample, respectively. 
 
The measurement is carried out in two parts, it is first required to record the 
intensity from a reference sample of known reflectance, ideally a reference sample 
with a reflectance close to 1; such as a gold (700 nm and above) or aluminium 
(200-700inm) mirror (Bass and Van Stryland 1994). Secondly, the sample is 
measured, and the ratio of the two intensities measurements, A, yield the 
reflectance coefficient, ρ, as described in Section 2.4.3.2. The derived formulae 
are presented below. 
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Rearranging for ρ gives: 
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However, if ρref is deemed to equal unity, the equation simply alters to: 
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The variable R can either be calculated from the specifications of the optical fibre, 
or be measured by the OSA straight from the light source. 
 
A typical OSA also has a great dynamic range but has a resolution limited by the 
bit depth of its A-D converter, meaning they can measure very low levels of light 
with the same level of accuracy as light of normal incident energy, but they are 
limited in differentiating between adjacent energy levels (e.g. compare a 16-bit 
High-Colour image to a 32-bit True-Colour image). A typical OSA records values 
to 5 significant figures, however the absolute errors from the calculations reduce 
the accuracy of the refractive index to only 3 significant figures. 
 
Having already seen from Figure 2.2.2.1 how much difference the 4th and even the 
5th significant figure can make to the design of the waveguide, this may not be 
sufficient to confidently measure the refractive index. This trade-off is more 
economical than it is technological, a high-resolution OSA proved too difficult to 
source, and since this technique would have only offered measurement of the 
reflectance in a limited spectral range, it was abandoned in favour of ellipsometry 
and other techniques used later to verify the data. 
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4.2.3 Successful Techniques  
There are many techniques available to measure the optical properties of thin 
films, however most rely on there being depth homogeneity and a sufficient layer 
thickness. Furthermore, it becomes prohibitively difficult to analyse the data if the 
thin film is sandwiched between two layers; in the case of deep MeV implants, 
which achieve this thick homogeneity, the damaged layer is sandwiched between 
the bulk below and the top cap layer. After the infeasibility of creating a thick 
homogeneous layer had been established, the focus was shifted to surface 
implantation, which yielded much success with the use of ellipsometry. Further 
measurement techniques were then used to cross-verify the ellipsometry data. 
 
4.2.3.1 Ellipsometry 
Ellipsometry is a convenient and accurate technique for the measurement of the 
optical constants of reflecting surfaces, and also for the measurement of the 
thickness and refractive index of thin films overlaying these surfaces (Aspnes 
1985). Experimentally, upon reflection of a linearly (plane) polarized beam of 
light from the surface, the ellipticity of the reflected beam and the rotation of the 
major axis from the incident plane is recorded (Azzam 1977). 
 
 
FIGURE 4.2.3.1: Representation of the mathematical concepts of ellipsometry: Law of 
reflection obeyed (βi = βr); Linearly polarized light becomes elliptically 
polarized; Intensity of parallel and perpendicularly reflected light, given by 
Fresnel reflection coefficients RP & RS, are different at each wavelength. 
 
For a single homogeneous layer on a substrate the analysis is straightforward 
(Tompkins and McGahan 1999); however in the present work it is necessary to 
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determine the refractive index in a layer that is embedded into the substrate and 
has a profile that varies with depth below the surface. It is therefore appropriate to 
briefly summarise the method used in the analysis. 
 
The electric vector of a light beam can be resolved into two components with 
complex amplitudes, one in the plane of incidence Ep, and one normal to this 
plane Es, which is parallel to the plane of the surface. Upon reflection from the 
surface these become RpEp, and RsEs, where Rp, and Rs are the complex reflection 
coefficients. The ratio of these is the complex amplitude attenuation, defined by 
(Azzam 1977): 
∆Ψ== i
S
P e
R
R )tan(ρ  
Here the ellipsometric angles Ψ and ∆ are measures of the amplitude and phase 
change on reflection respectively. The angles Ψ and ∆ can be related to the 
complex refractive indices and thickness of the reflecting thin-film structure 
through the Fresnel equations for reflection and transmittance of each interface, 
and taking into account interference between multiply -reflecting beams. 
 
 
FIGURE 4.2.3.2: The Jobin-Yvon UVISEL™ spectroscopic phase modulated ellipsometer. 
Image courtesy of Jobin-Yvon, France. 
 
The calculations are applicable to multiple films, although only two unknowns 
can be determined from each ellipsometric measurement. Consequently, 
spectroscopic measurements and fitting of the data to a computational model is 
required for multilayer structures. More details regarding the fitting procedure can 
be found in Chapter 5 and Appendix E. 
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Ellipsometric spectra have been measured by a Jobin-Yvon UVISEL™ 
spectroscopic phase modulated ellipsometer (Figure 4.2.3.2) in an energy range of 
0.6-6.5 eV (wavelength equivalent 190-2000 nm). The measurements were 
performed at room temperature for an incident angle of 68°, near the Brewster 
angle of the diamond substrate whose refractive index varies between 2.383 and 
2.729 over this spectral range (Zaitsev 2001). A relatively simple four-layer 
model consisting of an arrangement; air/surface-roughness-layer/implanted-
layer/diamond-substrate, was chosen to reproduce the ellipsometric spectra. A 
detailed discussion of the modelling and fitting of the ellipsometric data to 
simulated material parameters is contained within Chapter 5. 
 
4.2.3.2 Spectral Transmittance (NIR absorption) 
Spectral reflectance and transmittance are governed by the optical constants of the 
material. The intensity reflectance and transmittance coefficients at normal 
incidence are given by the formulae below for an air/material interface, or 
material1/material2 interface respectively. 
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The optical constants are wavelength-dependent; )()()(~ λλλ iknn += , as are the 
reflectance R(λ) and transmittance T(λ) coefficients. For the sake of brevity, the 
explicit dependence on λ is omitted. The measurement of both coefficients allows 
the numerical determination of both of the optical constants (n and k). 
 
Alternatively, once the optical constants from another measurement technique 
(ellipsometry) have been obtained, theoretical curves for the transmittance can be 
calculated and compared to those measured, which was the approach taken here. 
Note that measuring the transmission through a sample at normal incidence is 
more straightforward (no pun intended) than measuring the reflection (bar the 
technique of micro-reflectometry); detection of the reflected beam usually 
requires an angular off-set from normal, thus introducing angular-dependence on 
the measurement. 
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Initially the measurement method used by Swanepoel (1983) as discussed in 
Section 2.4.3.3 was considered with great interest as the measurement could be 
performed using available techniques. It had the advantage of revealing both of 
the optical constants simultaneously; unlike the near-infra-red (NIR) absorption 
measurement described later in this section which only gives the extinction 
coefficient k. However, the transmittance-only method also required a film-like 
surface layer; such as a thick homogeneous implant extending from the surface. 
 
Although production of such a layer had already been dismissed as mentioned in 
Section 1 of this chapter, an alternative method was proposed. The scheme 
involved ranging out the ions using a polymer overlayer in a way similar to the 
diamond cantilever but more crudely than described in Section 4.1.2 (on 
conceptual sample preparation); details are shown in Section 4.4.3. However, due 
to the inability to accurately reproduce a flat overlayer to a precision of 0.5 µm 
this technique was shelved in favour of ellipsometry. Nevertheless, absorption 
measurements were still conducted using spectral transmittance as explained in 
the following paragraphs. 
 
Measurement of the absorption of the diamond and the ion-implanted regions was 
conducted using an Agilent 86140B optical spectroscopic analyser with a fibre 
laser super-continuum light source (NL-1040 PCF) from Crystal-Fibre Denmark. 
The typical frequency output of a super-continuum light source is remarkably flat 
over a very wide wavelength range; refer Figure 4.2.3.3. The useful spectral range 
of the analyser is 600 nm to 1700 nm and the frequency response is considered to 
be uniform over this wavelength range. 
 
Initially a spectrum was taken over free space to establish a reference for the 
subsequent measurements. A dark measurement was also performed to determine 
the dark and thermal background; the levels measured were considered to be 
negligible. The reference spectrum showed an over-saturation at and around 
1064inm, which is the wavelength of the pumping laser for the super-continuum 
light source. To reduce this it was attempted to place a 1064-nm notch filter 
between the output of the continuum light source and where the diamond sample 
would later be located. It was decided that this arrangement could not reduce the 
signal level in a controlled manner to any acceptable accuracy, as the spectral 
profile of the artefact from the pumping laser is not uniform. The spectral 
measurements were thus conducted without the notch filter; consequently a 
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section of the spectra, 1048 – 1100 nm, has been removed in the data analysis and 
a discontinuity is present in the absorption graphs seen in Chapter 5. 
 
 
FIGURE 4.2.3.3: Comparison between different broadband sources. The super-continuum 
source shown is from a NL-1040 PCF pumped by a nanosecond 1064 nm 
microchip laser. (Colour online). SOURCE: www.NKTPhotonics.com 
 
The diamond was mounted in a movable holder that allowed the entire surface of 
the diamond sample moved into the beam. The arm of the holder was attached to a 
fully translational X-Y-Z stage with manual micrometer controls. The laser beam 
was brought to a focus (spot diameter ≈ 100 µm) in the plane of the sample with 
an objective lens; an identical objective lens was used on other side to capture the 
beam. Fibre optic connections were used between the lenses and the spectroscopic 
analyser and the super-continuum light source. 
 
The diamond sample for this measurement was coated with a patterned gold mask 
as described in Section 4.4. The thickness of the mask was 300 nm, well above the 
130 nm required to make gold opaque. The mask pattern contained seven 
unmasked areas; six of the unmasked circular areas of 250 µm in diameter aligned 
with the six implanted regions on the diamond, while the seventh was located 
above an unimplanted area. The gold layer also served as a reflective surface on 
which to align the focused beam waist of the light from the super-continuum light 
source. 
 
The six implanted regions were each moved into the position of the light beam 
using the translational stage; firstly the planar positions on the sample were 
coarsely located by viewing the beam reflecting off the gold mask, and then fine-
tuning was carried out by monitoring in real time the transmission spectrum to 
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find the maximum value. Ten spectra were taken within 30 minutes, each 
consisting of three iterations to average the random noise: the six implanted 
regions, as well as two spectra each for free-space and the bulk (unimplanted) 
area, conducted at the start and the conclusion of the measurements. The two 
spectra for both the free space and bulk measurements respectively showed an 
almost perfect agreement with each another. Thus it is acceptable to assume that 
the spectral qualities of the system did not drift during the course of the 
experiment. Conducting this comparison immediately instilled confidence in the 
spectrometer. 
 
4.2.3.3 White-Light Reflectance 
A measurement of reflectance using broad spectrum white-light yields the same 
results as would micro-reflectance. The diamond sample, in the same condition as 
for the ellipsometry measurements, was placed beneath a 5x Leica objective in a 
Leica DMLM optical microscope and viewed in reflectance mode. The light 
source is a simple halogen lamp (12V, 100W) that comes standard with the 
microscope. 
 
To account for the light source, white balance is applied. The issue of adjusting 
the white balance is simplified by setting the camera to automatically calibrate of 
it. This is achieved by photographing a white reference square from a colour 
rendition chart in the same conditions as that diamond sample would be 
photographed in. The white balance setting can then be applied to subsequent 
image captures. A Macbeth ColorChecker ® colour rendition chart was used, the 
reference square which is 80% of complete white (optical density 0.23) was set as 
the white balance. The rationale behind this is that the CCD sensor saturates at 
close to 100% reflectance, moreover, its response is poor above 85%, leading to 
clipping of the intensity signal. The white balance was readjusted in MATLAB™ 
prior to any other image processing. 
 
The image through the objective is captured using a Pentax 3MP digital camera 
(spectral response in Appendix) mounted on the optical axis. The camera was set 
to capture in grey-scale. Image processing was done using tools in MATLAB™; 
the detailed description is found in the results section of Chapter 5. 
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4.3 Measurement Techniques - Physical 
To explain accurately the processes that lead to the alteration of the diamond’s optical 
properties upon ion implantation, an understanding of the modified structure is required. 
Two non-optical effects of ion implantation are a change in the electrical conductivity 
(correspondingly; resistivity) and the volume of the implanted region, be it the 
compaction or the swelling at the surface. 
 
4.3.1 Profilometry 
Diamond has the highest material density (3.52 g/cm3) of all known carbon 
allotropes (Field 1992). Diamond is also a metastable material at and near STP, 
and indeed would turn into graphite given enough time, i.e. giga-years. However, 
if the diamond structure is disturbed, by ion implantation in this case, it will 
amorphise and then graphitise upon the addition of energy (heat) to restructure 
itself, as graphite is the stable phase under normal conditions. 
 
If diamond is amorphised at the surface, the required vacancy concentration to 
result in graphitisation is 1022 vac/cm3; any less and the damaged diamond will 
repair the structure upon sufficient thermal annealing. Above this vacancy 
concentration, known as the critical amorphisation threshold, DC, the amorphous 
structure reorganises itself into stable graphite when annealed. 
 
However, when diamond is implanted with high-energy ions that produce a buried 
layer of damage, not only is the value of DC seen to increase owing to enormous 
internal pressures of greater than 30 GPa, but the structural form of the damaged 
diamond is largely unknown. Damaged diamond exists as a coagulation of 
amorphous diamond (a-D), tetrahedral amorphous carbon (ta-C) and/or 
amorphous Carbon (a-C); even if the damage would graphitise upon annealing, 
the graphite would be metastable at the internal pressures present within the 
diamond. Included in the Figure 4.3.1.1 is the phase diagram of carbon. 
 
Thus, if the structure of the diamond is damaged, it can only take a form that is 
less dense. However, since the number of atoms remains constant, the decrease in 
density must be accompanied by an increase in volume. Furthermore, since the 
sides of the diamond surrounding the implanted volume are intact, the entire 
volume expansion is directed towards the surface leading to substantial swelling. 
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Given that the density of graphite is 2.25 g/cm3 (Zeigler 1980), the theoretical 
amount of swelling could be up to 30 nm and 6 µm for the gallium and hydrogen 
implants respectively conducted in this work, due to the difference in thickness of 
the damaged layer and its position relative to the surface. 
 
 
 
 
 
FIGURE 4.3.1.1: The phase diagram of carbon. (10 GPa = 100 kbar) 
 
Investigations of the ion-induced swelling were discussed in Section 3.1, along 
with summarised results and comparison with similar previous studies. The 
measurement procedure is detailed herein. 
 
Measurement of the step height on the surface of the implantation interface with 
the pristine diamond was performed using a Veeco Dektak 150 stylus 
profilometer within the School of Electrical and Computer Engineering at RMIT 
University, and an NT-MDT SMENA portable AFM at the School of Physics, 
University of Melbourne. 
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The Dektak is not as accurate as an AFM, however it responds better to sudden 
large changes. Thus the Dektak was used in the measurement of the MeV 
implantations, while the AFM measured the swelling of the keV implants. This 
series of measurements were rudimentary and no specialised sample preparation 
was required apart from the typical diamond cleaning process as described in 
Section 4.4.1. 
 
4.3.2 Electrical Conductivity 
As described in the previous section, diamond is a metastable form of carbon, in 
which each carbon atom is tetrahedrally sp3-bonded to its four nearest neighbours. 
The stable form of carbon at room temperature and pressure is graphite; a layered 
material in which carbon atoms are sp2-bonded in hexagonal sheets leaving 
delocalised pi electrons available for conduction. As a result graphite is electrically 
conductive, whereas diamond is a wide band-gap semiconductor. 
 
 
FIGURE 4.3.2.1: Photograph of the 2-point probe current-voltage measurement setup. 
 
The measurement of electrical conductivity was performed on the same sample as 
in Section 4.2.3.2 on Spectral Transmittance; the sample preparation is detailed in 
Section 4.4.4. Using a traditional 2 probe arrangement connected to a 500 VDC 
power supply (Keithley 487), the current flowing over the ion-implanted surface 
was measured against a bias voltage ranging from -200 to 200 V. The resulting 
slope of the IV curve gave the resistance. 
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The 2 point probe arrangement was deemed sufficient for this purpose as it was 
readily available and interest lay more in the relative behaviour of conductivity 
with respect to implanted ion fluence rather than the absolute values of resistance. 
 
A photograph of the experimental setup is presented in Figure 4.3.2.1. The CCD 
video camera with a telephoto lens feeds a top-view image to the display monitor. 
 
The field of view can be zoomed in to 100 µm; for this measurement it was set to 
about 300 µm. In Figure 4.3.2.2 the top view is shown; the probe tips are clearly 
visible. Separation was maintained by marking on the video screen the position of 
both needle tips; this separation was then determined to be 60 µm. 
 
 
FIGURE 4.3.2.2: The field of view of implanted diamond and the 2 probe tips. 
 
The sample is located on an X-Y translational stage and positioning is done 
monitoring the video output from the camera. Similarly, the probes are lowered 
into position observing the video image; contact is detected by the probe 
impacting the surface and the image is seen to wobble momentarily. Micrometer 
screws control the descent and position of the probe in the sample plane, which 
has to be adjusted as the probe is lowered. 
 
The two measuring probes were aligned parallel to the narrow black lines seen in 
Figure 4.3.2.2, thus the surface current did not cross over any of these black lines; 
more information regarding the black lines is in Section 5.2. Having the gold 
mask layer proved very useful in correctly locating each implanted region and 
having confidence that the probes were in contact only with the damaged layer. 
 
250µm 60µ
m
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4.4 Sample Preparation for Measurements 
The details of the preparation of the samples for the various measurements discussed in 
the previous sections are described herein.  
 
4.4.1 Sample Cleaning Procedures 
Prior to any measurement of a prepared sample, the diamond was cleaned in 
laboratory grade ethanol using a modified air brush gun (see Figure 4.4.1.1) with 
an ultra-high quality nitrogen gas feed, and subsequently dried with the same 
apparatus but with the ethanol feed turned off. 
 
 
FIGURE 4.4.1.1: The air brush gun, courtesy of Ruian Royal Air Tools Co. Ltd. 
 
This cleaning method was simple and effective. It was often used, mostly to 
remove dust on the surface and also oily residues from unavoidable or accidental 
contact with human fingers. If the sample had been in contact with an adhesive, 
such as silver paste or carbon tape, a more rigorous cleaning process was required.  
 
A three-stage cleaning process involving ultrasonic agitation in two solvents and 
finally distilled water was successful in removing adhesive materials from the 
diamond sample without any undue thermal stress. The diamond sample would be 
placed in a beaker which in turn was put inside an ultrasonic bath. Cleaning with 
the three liquids usually took 5 minutes each in the order: acetone, isopropyl 
alcohol (IPA) and lastly distilled water. The sample was then removed and dried 
with a gentle nitrogen gas flow. 
 
Ethanol in 
here 
Nitrogen 
gas in here 
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4.4.2 Implantation Area Limitations 
There are many aspects that affect the choice of the implantation area; resolution 
of the measurement technique, accurate and confident alignment of the implanted 
area to the analysing probe, sample real-estate, and finally preparation time. In 
this work the range of ion implantation fluences required 6 implantation areas, 
plus additional space remaining unimplanted and also space for reference markers. 
 
The diamond samples have an area of 9 mm2 (3x3 mm), which could be 
considered to be ample space. However, most optical measurement techniques 
have macro-size beam spots of about 1 mm diameter (usually 1.2 mm). Thus, the 
implantation area would need to be a fraction larger, hence there remains space 
for only 4 implantations. Furthermore, the gallium ion implantation of such a 
large area using the FIB would take hours; too long to ensure stability of the ion 
beam, while implantation of hydrogen or helium on the Pelletron, would take 
days. This establishes an upper bound on the implantation area. 
 
Other considerations arise when determining the lower bound, i.e. minimum 
implantation area. The areas should be visibly perceivable, or if not, reference 
markers and spatial coordinates along with precision sample translation and 
alignment should be employed. The measurement techniques used in this work 
that have micro-size beam spots are ellipsometry (Section 4.2.3.1) and spectral 
transmittance using the super-continuum light source (Section 4.2.3.2), while 
quantitative phase-contrast microscopy (Section 4.2.2.2) and micro-reflectance 
(Section 4.2.2.3), as their names suggest, also have micro-size beam spots, but 
were not useful in this work. Nevertheless, similar implantation area restrictions 
would have applied. 
 
It was established that the largest micro-size beam spot available would be used to 
performed the measurement; on the ellipsometer this was 240 µm in diameter. The 
reason was primarily to maximise the signal to noise ratio. It is also important to 
note that the beam spot would not be projected at normal incidence on the sample, 
but at some angle, so the actual beam diameter, BD, would be a function of the 
angle, given by BD  = (240 µm)/cos θ. Of course the circular beam spot would 
now become an ellipse, thus the elongation would only be for the major axis, 
while the minor axis would remain at 240 µm. 
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Hence, rectangular implantation geometry could be used to save time. As it turned 
out, this actually proved to be of great convenience. As explained in Section 4.1.3, 
the gallium ions needed to be imaged onto the diamond sample. The 4:3 aspect 
ratio, standard to viewing screens, is consequently built into the charge deflection 
mechanism of the FIB/SEM. At a certain magnification setting of the FIB, the 
viewable area is 540x480 µm. This image area is adequate as an area of about 
500x400iµm was deemed sufficient for the ellipsometry measurement. Thus, the 
lower bound of the area of ion implantation was established. 
 
4.4.3 Implantation Range-out 
Based on TRIM calculations, the range of 3 MeV hydrogen ions in diamond is 
approximately 50iµm, while in a polymer like Mylar™ it is increased to 112iµm. 
Considering that on a macroscopic level the ion range is predominantly influenced 
by the density of the material, while longitudinal straggling of the ions is related 
to the atomic number of the target element or compound, a higher Z number 
produces more straggle. 
 
Thus to maintain a sharp ion distribution profile a material with a low Z number 
(such as Mylar) is required; polymers are suitable for this purpose. An 
advantage of using polymers over ion deposition, aside from greater processing 
speed and layer thickness, is the ease of removal of the polymer from the diamond 
substrate. Ion implantation through the Mylar layer would create the ion damaged 
layer at the polymer/diamond interface as seen in Figure 4.4.3.1 
 
The presence of the Mylar layer increases the ion scattering and alters the ion 
straggling within the diamond; however this is minimised by Mylar being a low Z 
polymer. While the increased lateral straggling (from the longer ion range) would 
be of no concern, it is important to take into account that the longitudinal straggle 
would be reduced, thereby increasing the vacancy concentration for any given ion 
fluence, as compared to directly implanting into bulk diamond. 
 
A method was proposed to use Raman spectra from previous ion implantations 
into diamond as a calibration technique to quantitatively measure the vacancy 
concentration. From the Raman spectra reported in Chapter 3 the relation between 
the Raman features and the fluence, and hence the vacancy concentration, was 
derived. Upon measuring the Raman spectra of the exposed sample and 
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correlating with those in Chapter 3, the corrected value for the vacancy 
concentration could be extracted. 
 
FIGURE 4.4.3.1: The 3 MeV H ion implantation vacancy distribution profile in diamond 
below a 112.5 µm Mylar layer. (Mylar™: Ed = 17 eV, and density of 
1.2ig/cm3. Diamond: Edi=i52ieV, and density of 3.52 g/cm3. 
 
Furthermore, the fractional accuracy of the TRIM calculations in Figure 4.4.3.1 
requires additional investigation. The thickness of the Mylar layer must be 
accurate to at least 0.5 µm to ensure both adequate thickness of the damaged layer 
and the absence of surface diamond (cap layer). Testing this involved fabricating a 
tapered layer of Mylar with a thickness variation of several microns about the 
theoretically-ideal mean of 112.5 µm. 
 
 
FIGURE 4.4.3.2: A tapered layer of Mylar above the diamond sample. The ion beam is 
scanned over the entire width of the sample to determine the exact thickness 
of Mylar required to range out the ions. 
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Ion implantation in a long narrow line resulted in a sloping layer of damage 
through the diamond and the Mylar (as seen in Figure 4.4.3.2), aligning with the 
surface of the diamond somewhere near the middle of the sample. The location 
where the ion damage intersects the surface was correlated with the height profile 
of the Mylar obtained via profilometry; the necessary thickness of Mylar was thus 
inferred. Precision cleaving of the Mylar layer to create the tapered slope can be 
achieved with a TEM cutting tool. 
 
However, even with a polymer layer of the appropriate thickness, or the ion-beam 
energy adjusted to match the layer thickness, the 1% variation in the beam energy 
during the implantation has a significant effect on the ion range in the polymer, 
approximately 1.5 µm at 3 MeV. Thus it is highly likely that the end-of-range 
damage will occur either still in the polymer layer, or beneath the surface of the 
diamond, and hence be inaccessible, or at best non-uniform. 
 
Furthermore, it was noticed that the Mylar deposition was not exactly uniform 
over the entire sample area; variations of 2-4 µm were recorded near the edges of 
the sample. Unfortunately this meant that at best only one or two 500x500 µm 
regions of reasonable flatness could be implanted on the same sample. This was 
deemed unsatisfactory and since no alternative to the Mylar deposition method 
was realised, the idea was shelved. 
 
4.4.4 Gold Mask 
The diamond sample for both the spectral transmittance and the electrical 
conductivity measurement was coated with a patterned gold mask. 
  
FIGURE 4.4.4.1: The Quintel Q-4000 UV Mask Aligner (left) and the Thermionics VE180 
custom physical vapour deposition system (right) commissioned at the 
School of Physics, University of Melbourne. 
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The thickness of the mask was 300 nm; gold is opaque to visible light at a layer 
thickness greater than 130inm. Deposition of the gold layer was done using a 
Thermionics VE180 custom physical vapour deposition system. 
 
The mask pattern contained seven circular unmasked areas of 250 µm in diameter. 
When placed on the diamond, six of the holes aligned with the six implanted 
regions on the gallium-implanted diamond while the seventh was positioned 
above an unimplanted area. The gold layer also served as a reflective mirror 
useful for the alignment of the light source. The mask fabrication process, along 
with a graphical representation, is as follows. 
  
FIGURE 4.4.4.2: a) Photoresist coated diamond. b) Photoresist is exposed to pattern and 
developed, revealing areas of diamond. 
 
The diamond sample is spin-coated with a polymer photoresist (AZ1514H) which 
is a positive resist, to a thickness of approximately 500 nm (Figure 4.4.4.2a). 
After designing the mask pattern and transferring the image onto a transparency, 
the sheet is fed into the UV Mask Aligner (Quintel Q-4000), shown in 
Figurei4.4.4.1 (left), and the mask pattern is exposed onto the photoresist and 
lithographically developed (Figure 4.4.4.2b). An optical micrograph at this stage 
of the fabrication process is shown in Figure 4.4.4.4. 
  
 
FIGURE 4.4.4.3: a) Gold-coated sample. b) Unwanted layers remove, metal masks remains. 
 
The patterned sample is then gold-coated (Figure 4.4.4.3a) using the Thermionics 
VE180 custom physical vapour deposition system seen in Figure 4.4.4.1 (right). 
The mask is actually made from Ti/Au alloy with an Au top metallisation layer; 
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titanium is used to improve the adhesion of the mask to the diamond. The 
photoresist layer is then removed simply by sonicating the sample in acetone, 
leaving behind the desired gold mask pattern (Figure 4.4.4.3b). 
 
FIGURE 4.4.4.4: Optical micrograph of the diamond sample with the patterned photoresist 
layer (the circles); this is prior to gold deposition. All the circles are 250 µm 
in diameter. 
 
In Figure 4.4.4.4, most of the implanted areas are clearly identifiable around the 
photoresist mask (expect in the top right corner); the circle in the bottom centre 
will provide access to pristine unimplanted diamond. Upon the deposition of the 
gold and removal of the photoresist, the diamond will be accessible through the 
circles, as seen in Figure 4.4.4.5. The gold layer allows for placement and 
alignment, without optical aids, of a measurement probe. It is optically thick so as 
to block unwanted stray light. 
 
FIGURE 4.4.4.5: Optical micrograph of the diamond sample with gold layer mask and 
diamond accessible underneath. All the circles are 250 µm in diameter. 
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This chapter presents the results obtained from the four different measurements 
conducted on the gallium-implanted samples. The purpose of this thesis is to obtain the 
optical properties of ion-implanted diamond as a function of the ion implantation 
fluence. The three optical measurement techniques; namely spectroscopic ellipsometry, 
white-light reflectance and spectral transmittance in the near infrared, all measure 
components of the complex refractive index. Finally, measurement of the electrical 
conductivity provides a completely independent result for comparison with the trends 
observed in the optical measurements. 
 
As mentioned in Chapter 2, spectroscopic ellipsometry is a very powerful technique for 
determining the optical properties of a material. Nevertheless, due to the physical nature 
of the samples, the measurements are conducted near the theoretical limit applicable to 
spectroscopic ellipsometry. It is thus necessary to gather supporting evidence by other 
independent measurement techniques. However, as stressed throughout this thesis, the 
results available from both reflectance and transmittance measurements yield 
quantitative solutions after being calibrated to data points that originate from the 
ellipsometry results.  
 
After an analysis of the trends of the optical properties of ion-implanted diamond with 
respect to the ion implantation fluence, it was found necessary to justify the unexpected 
findings with additional measurements to verify their validity. This perhaps is better 
described by the following break down of the measurements. 
 
Spectroscopic ellipsometry provided an unexpected trend, with respect to the ion 
implantation fluence, in the values of the refractive index, n, and the extinction 
coefficient, k. As the trend was not monotonic, it raised questions regarding the validity 
of the modelling procedure. Further analysis of the data to derive other optical 
parameters, i.e. the dielectric function ε, yielded no new information. However, the 
variation in the optical conductivity, σ, showed a distinct resemblance to that of the 
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electrical conductivity of diamond implanted at room temperature from the work of 
Prawer (1995). 
 
The electrical conductivity was thus measured and the results pointed to an identical 
trend (see Section 5.4 for the discussion). Prior to this thesis, no physical explanation 
had been proposed for this behaviour. It may not immediately seem justifiable to relate 
the two optical and electrical properties; however, as described in Sections 5.1 and 5.4, 
this relationship is not without basis. The result of obtaining identical trends from two 
independent measurements inspired great confidence in the original results. 
 
The measurements of the reflectance and transmittance of the samples were conducted 
as originally planned; however the assumptions that these measurements relied on, to 
provide a quantitative solution (as detailed in the relevant section), were now justified 
following the initial confirmation of the ellipsometry results by the electrical 
conductivity measurement. Furthermore, as discussed in Sections 5.2 and 5.3, the same 
qualitative trends with respect to the ion implantation fluence were observed for both 
reflectance and transmittance measurements, and after application of the necessary 
assumptions to obtain a frame of reference, the quantitative results supported the 
accuracy of the ellipsometry data. 
 
The four sections in this chapter are dedicated to analysing and discussing the findings 
from each of the four measurement techniques. Each section attempts to discuss each 
measurement as independently as possible, however where necessary, supportive 
arguments are drawn from the results presented in other sections of this chapter; though 
not necessarily sequentially. 
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5.1 Ellipsometry 
In ellipsometry, two values are measured at each energy and used to infer the optical 
properties of a medium, generally in terms of the complex refractive index iknn +=~  
(the sign is a matter of convention). The most comprehensive method to obtain these 
parameters is by spectroscopic ellipsometry (SE). It was used in the present study to 
determine the optical constants of the samples. By the measurement of the SE 
parameters Ψ and ∆, and the application of a suitable model for the optical dispersion 
function, one can extract the optical constants precisely. In addition, surface roughness 
and layer thickness can also be determined at the same time. 
 
As discussed in Chapter 2, many complications arise in measuring the gallium-
implanted samples (recall the ion-damage profile in Figure 2.3.2.2-bottom-right). The 
ions penetrate into the diamond between 20 to 30 nm. From the damage profile it is 
evident that the damage distribution is not uniform, nor does the range of the ions end 
abruptly. Furthermore, the implanted areas are not optically thick. However, it may be 
possible to account for the first two deviations from the ideal case; the issue due to the 
thickness of the implanted area does not disqualify ellipsometry as an accurate 
measurement technique, it merely complicates matters. Surface roughness is another 
factor to consider, however it can easily be quantified and included into the modelling 
parameters by comparing measured spectra with expected values of the bulk diamond. 
 
Prior to analysing the results obtained from the ellipsometry measurements, it is 
important to first review and understand the sophisticated modelling procedure required 
to extract the refractive index of ion-implanted diamond; the measurements here are 
done under far from ideal conditions. 
 
As described in Section 2.3.2.1, ion implantation at low energies produces a somewhat 
skewed and broad Gaussian-like distribution of the damage (vacancies); gallium ions 
implanted at 30 keV produce such a distribution of damage (see Figure 2.3.2.2-bottom-
right). Although the damage distribution starts at the surface, it is neither ideally 
homogeneous nor is the back interface atomically abrupt; the layer transition is very 
gradual, even if the layer only extends for about 10 nm. However, from the perspective 
of the probing light beam of the ellipsometer (200 to 2000 nm), variations over a depth 
of 10 nm or so can be treated as sharp transitions to a first order approximation, with the 
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assumption improving at longer wavelengths. The validity of this assumption is seen in 
the works of Bayly and Townsend (1973) and also Erman et al. (1984). 
 
Another disadvantage is that diamond is clear, and although it darkens upon 
implantation, it is only at the highest ion fluences that ellipsometry would be most 
easily interpreted, considering that the skin depth of light in disordered carbon is about 
70-100inm (Elman et al. 1982). This depth of modified material can be achieved by 
choosing an appropriate ion species and energy, e.g. 75 keV carbon ions. However even 
implanting with the suitably tailored ion species and energies, only above a certain 
fluence would the disorder be great enough for ellipsometry to yield unequivocal 
information without the use of a sophisticated material model. 
 
The issue of skin depth is not applicable in a typical thin-film on substrate 
measurement, even if the film and substrate are clear. However, as there is no clear 
interface between the implant level and the bulk diamond, the substrate (bulk pristine 
diamond) must be included in the model. Thus, a small skin depth cannot be used as an 
advantageous factor in these measurements. Nevertheless, analysis of the ellipsometry 
spectra is still possible since the optical properties of the bulk diamond are known. The 
remaining factor of surface roughness is addressed as follows. 
 
Although the surface is optically flat to within one wavelength (632 nm) over distances 
of 1 cm (manufacturer’s claim), there is a residual modified layer at the surface left 
from the polishing process, which has a decreased density and an effective refractive 
index different from the bulk material. King and Downs (1969) reported that such a 
layer in silica can introduce appreciable errors in measurements of refractive index and 
thickness of the surface layers if this layer is ignored. Unfortunately, removing this 
polishing layer in diamond is impractical, unlike in silica, however by utilising 
spectroscopic ellipsometry it is possible to model this layer and include its effects in the 
analysis. These surface streak marks are quite prominent is the WLR measurements as 
discussed in Section 5.2; a method for circumventing their effect is detailed therein. 
 
Two different dispersion laws were used in the modelling. It was found that a quantum-
mechanical treatment of a finite sum of interband transitions based on the formulations 
derived by Forouhi and Bloomer (1988) was required to represent the refractive index 
of ion-implanted diamond. However, a classical-mechanics approach using the 
Sellmeier equation was first used in modelling the bulk diamond to obtain the surface 
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roughness. The Sellmeier equation can be used to approximate the refractive index data 
compiled by Zaitsev (2001) by the expression (Collins 1993): 
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This two-term Sellmeier equation is accurately applicable in the range 200 to 2000 nm, 
where λ is expressed in nanometres. 
 
Modelling was applied to determine the optical parameters of the unimplanted diamond 
from the ellipsometry data using the Sellmeier equation and to ascertain the surface 
roughness. A three layer model was built up consisting of air, surface roughness, and 
diamond layers as shown in Figure 5.1.1. The same three layer model would later be 
used to obtain the optical parameters of the unimplanted diamond using the quantum-
mechanical dispersion formula. 
 
FIGURE 5.1.1: Optical 3-layer model for data analysis as applied to SE measurements of the bulk 
diamond sample. The model consists of a surface roughness layer (50/50ivoli% 
mixture of diamond and voids) of thickness L, on top of the diamond substrate. 
 
The surface roughness layer was designated to consist of a 50/50 vol % mixture of 
diamond and voids. Layer mixing is treated using an effective medium approximation 
(EMA) model, thus the void layer has a refractive index between that of diamond and 
air. The results for the refractive index, n, of bulk diamond are compared in Figure 5.1.2 
with those appearing in the literature (Zaitsev 2001). The excellent agreement gives 
confidence in both the experimental results and the analysis. Fits over several different 
areas showed consistent values of thickness (≈ 5 nm). In addition, Appendix E contains 
two plots: A comparison of fitted data to the raw data for values of n and k for 
unimplanted diamond is shown first. Secondly, a comparison of the raw data for the 
ellipsometric angles of Ψ (psi) and ∆ (delta) of unimplanted diamond from three 
separate samples. 
 
Surface Roughness Layer 
Diamond Substrate 
L ≈ 5 nm 
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Once the thickness of the surface layer was established using the Sellmeier formula, 
another dispersion law was applied to the same ellipsometric data in order to fit the 
optical parameters of the unimplanted (bulk) diamond to this new dispersion law; this 
formulation for dispersion was dubbed Double New Amorphous (DNA). 
 
This dispersion law (DNA) is based on the original treatment of electric fields in the 
many electron problem, as derived by Ehrenreich and Cohen (1959); on which Erman et 
al. (1984) based their quantum-mechanical approach of a finite sum of coupled 
harmonic oscillators, dubbed the harmonic oscillator approximation (HOA). The HOA 
approach was improved by Forouhi and Bloomer (1986), replacing the energy levels of 
the oscillators with parabolic energy bands. The dispersion relation was derived for 
amorphous materials; it was expanded shortly thereafter to include crystalline materials 
as well (Forouhi and Bloomer 1988). 
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FIGURE 5.1.2: Comparison of the refractive index of bulk diamond from the ellipsometry data (red 
line) to the values obtained from the literature (black squares). 
 
Lui et al. (2007) introduced modifications to the Forouhi and Bloomer dispersion law 
by incorporating non-parabolic energy bands and phonon effects. These modifications 
were tested by Laidani et al. (2008), further confirming the results of Canillas et al. 
(2001) while also showing that the modified Forouhi and Bloomer dispersion law gave 
the best results when compared to known values determined by other means. The 
modified Forouhi and Bloomer dispersion law was thus adopted for use in this thesis; it 
is represented as follows: 
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The real part n is then determined using Kramers-Kronig analysis as the Hilbert 
transform of the previous equation: 
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where q is the number of distinguishable interband transitions of the material. The 
factors ωg, n∞, Bj, Cj, fj, ωj, and Γj have all physical meaning; they are not merely fitting 
parameters. The parameters ωj, fj, and Γj are related to the electronic structure of the 
material, ωg is the frequency of the band-gap, defined as the value for which k(ω) is an 
absolute minimum, while n∞ is the refractive index at high energies. The quantities Bj 
and Cj are not independent parameters, but depend on ωj, fj, Γj, and ωg; they are defined 
as follows: 
( )( )22 gj
j
j
j
f
B ωω −−Γ
Γ
=
 
( )gjjjj fC ωω −Γ= 2  
 
It was found that using 2 transitions (i.e. q = 2) was sufficient in extracting the optical 
parameters of the implanted layer; only one transition is required to accurately obtain 
the values for a completely amorphous material. For a set of two transitions the 
formulation is better known as double amorphous semiconductor and is available in the 
ellipsometry modelling software. It was modified to include the factors Bj and Cj, based 
on the work of Lui et al. (2007), to better simulate the indirect band-gap of diamond and 
dubbed Double New Amorphous.  
 
The ellipsometric modelling conducted in this thesis was also attempted using the Tauc-
Lorentz dispersion formula. The Tauc-Lorentz model, developed by Jellison and 
Modine (1996) uses the one-electron approach when calculating 2ε . Modelling the 
dispersion using the Tauc-Lorentz formula has been shown to give superior results 
compared to using Forouhi and Bloomer for amorphous materials (Canillas et al. 2001; 
Lui et al. 2007). Furthermore, the Tauc-Lorentz formulation can also be applied to 
purely crystalline materials; however this was found not to hold true for mixtures of 
amorphous and crystalline material.  
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Although using the Tauc-Lorentz formulation gave seemingly consistent results for the 
effect of ion implantation on the extinction coefficient k, the derived values of 1ε (∞) 
(calculated by the Kramers-Kronig integral) were negative, while the values for the 
band gap energy, Eg, were also nonsensical. This finding is also supported by the 
observations contained within Tompkins and Irene (2005).  
 
Having established the optical parameters of the bulk diamond using the Double New 
Amorphous (DNA) dispersion formulation, the model was expanded to now include the 
implanted layer; as shown in Figure 5.1.3. The surface roughness layer is still a 50/50 
vol % mixture, but now consists of voids and implanted diamond. Furthermore, its 
thickness (L2) is allowed to vary, as is the thickness (L1) of the implanted layer. 
 
 
FIGURE 5.1.3: Optical 4-layer model for data analysis as applied to SE measurements of the 
implanted samples. The model consists of a surface roughness layer (50/50 vol % 
mixture of implanted-diamond and voids) of thickness L2, the implanted-diamond 
layer of thickness L1, on top of the diamond substrate. 
 
The following pages display the spectral curves for the gallium implantations obtained 
from the ellipsometry measurements and modelling. The parameters shown are: 
refractive index n, extinction coefficient k, and the optical conductivity σ. Each page 
shows a set of the same parameter plotted against both wavelength (nm) and photon 
energy (eV); both plots are presented to better illustrate some of the features that are 
observed in the spectra. Also, where applicable, the same parameter has been plotted on 
a log10 scale to gain additional insight into the behaviour of the curves, while plots of 
some of the parameters are repeated without the diamond curve for improved clarity. 
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Refractive Index, n 
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FIGURE 5.1.4: The refractive index, n, for the six different ion fluences [ions/cm2] and bulk 
diamond. The spectra are calculated from spectral ellipsometry using the 4-layer 
model and Forouhi-Bloomer dispersion for all materials. (Colour online) 
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Extinction Coefficient, k 
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FIGURE 5.1.5a: The extinction coefficient, k, for the six different ion fluences [ions/cm2] and bulk 
diamond. The spectra are calculated from spectral ellipsometry using the 4-layer 
model and Forouhi-Bloomer dispersion for all materials. (Colour online) 
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Extinction Coefficient, k (log10 scale) 
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FIGURE 5.1.5b: The extinction coefficient, k, for the six different ion fluences [ions/cm2] and bulk 
diamond, plotted on a log10 scale. The spectra are calculated from spectral 
ellipsometry using the 4-layer model and Forouhi-Bloomer dispersion for all 
materials. (Colour online) 
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Extinction Coefficient, k (without diamond, on log10 scale) 
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FIGURE 5.1.5c: The extinction coefficient, k, for the six different ion fluences [ions/cm2] but without 
bulk diamond, plotted on a log10 scale. The spectra are calculated from spectral 
ellipsometry using the 4-layer model and Forouhi-Bloomer dispersion for all 
materials. (Colour online) 
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Optical Conductivity, σ 
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FIGURE 5.1.6a: The optical conductivity, σ, for the six different ion fluences [ions/cm2] and bulk 
diamond, plotted on a log10 scale. The spectra are calculated from spectral 
ellipsometry using the 4-layer model and Forouhi-Bloomer dispersion for all 
materials. From dimensional analysis, the units for optical conductivity are Ω-1m-1; 
equivalent to electrical conductivity S m-1. (Colour online) 
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Optical Conductivity, σ (without diamond) 
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FIGURE 5.1.6b: The optical conductivity, σ, for the six different ion fluences [ions/cm2] but without 
bulk diamond, plotted on a log10 scale. The spectra are calculated from spectral 
ellipsometry using the 4-layer model and Forouhi-Bloomer dispersion for all 
materials. From dimensional analysis, the units for optical conductivity are Ω-1m-1; 
equivalent to electrical conductivity S m-1. (Colour online) 
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In an effort to better understand the results, the dielectric constants of ε1 and ε2 were 
plotted from n and k, using the standard relations as described in Section 2.1.1. 
However, the shape of the curves did not reveal any new information; values for ε1 
closely follow those of n, while ε2 is strongly dependent on k and no discernable new 
behaviour was visible. As a result, these graphs are not presented here. 
 
It should first be pointed out that the data for the lowest two fluences (R6 violet and R5 
blue curves), which show higher values of absorption than the next higher fluences, 
were tested for reproducibility and found to be consistent. Initially the data seemed 
puzzling, complicated by that fact the correct placement of the ellipsometer light beam 
with respect to the two implanted areas was difficult to guarantee, as the areas are not 
visible to the un-aided eye. To this effect, a second sample set was prepared with a 
larger implanted area; recall that on the original sample the areas were approximately 
400 x 500 µm2. All raw diamond samples are of the same size, approximately 3 x 3 
mm
2
. For these second samples, the same overall implantation area limitation still 
existed; however the two following size limiting factors were circumvented. 
 
As the implanted areas were to receive the two lowest fluences, implantation time is 
relatively short. Furthermore, sample real-estate was unimportant as only one fluence 
would be implanted per diamond sample. To prevent any accidental exposure from both 
the gallium and electron beams (in the FIB/SEM system), half of the surface was 
covered with carbon tape which was removed post implantation; this area would then 
serve to measure the bulk diamond values. The remaining 1500 x 3000 µm2 area was 
treated by implanting an array of 400 x 500 µm2 areas to completely cover the exposed 
surface. Great care was taken to minimise overlap between adjacent areas, however this 
could not be guaranteed; inevitably there were thin lines where the ion fluence was 
double or left unimplanted. 
 
Nevertheless, this effect was deemed negligible since the area of the ellipsometer beam 
spot, set to 1 mm diameter, was very much greater than the total probed area where the 
fluence may not have been correct. To distinguish between the two samples (and to 
mark the exposed face), a small unique marker was FIB milled near a corner of the 
sample; this area would not be near the ellipsometer beam spot. From these two 
samples, four additional spectra were recorded. Initially, the two bulk diamond spectra 
were compared and were found to be virtually identical; they also compared very well 
to the original bulk diamond values. The same curves were reproduced for each of the 
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two implanted areas as from the original sample. Thus, with the accuracy of the data 
confirmed, an explanation was now required to account for the seemingly irregular 
results. 
 
Analysing the trends with respect to ion implantation fluence for both n and k, it is 
interesting to note a feature that arises in both spectra (Figures 5.1.4 and 5.1.5) due to 
the ion implantation; the prominence of which increases with increasing ion fluence. 
This feature, resembling a kind of hump at middle energies, is more evident in the 
photon energy spectra (lower plot in each figure). 
 
As diamond is implanted with ions, it undergoes many structural phase transformations. 
Diamond at STP already exists in a meta-stable phase; the stable phase of carbon at STP 
is graphite. It is the exceptionally strong covalent bonding of diamond that allows it to 
exist under normal conditions. Upon ion implantation, the sp3 bonding structure 
weakens and the material beings to exist as an amalgamation of diamond and graphite-
like structures. As the ion implantation fluence increases, the structure of diamond is 
altered, taking many different forms along the way, such as; amorphous diamond (a-D), 
tetrahedral amorphous carbon (ta-C), and various states of graphitic-like carbon with an 
increasing proportion of sp2 bonding. 
       
FIGURE 5.1.7: Dielectric function for graphite for hν > 1 eV: (left) imaginary component (Im), and 
(right) real component (Re). The dielectric function is shown for electric field both 
parallel ΕC and perpendicular Ε⊥C to the graphite c-axis. Also shown are the 
laboratory determinations of Ε⊥C by Taft and Philipp (1965; labelled TP) and Tosatti 
and Bassani (1970; labelled TB). SOURCE: Draine and Lee 1984. NB: The curves 
do not include the free electron contribution δεf, it is minimal for hν > 1 eV. 
 
As a result, the optical properties of diamond change; intuitively the values would 
perhaps shift towards those of graphite as the fluence increases. However, this is not the 
case, as was found in this work. The matter is complicated by the fact that graphite has a 
completely different optical profile in the ordinary and extraordinary directions, while 
diamond is isotropic. This is clear in Figure 5.1.7; measurement with the electric filed 
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parallel to the graphene sheets is denoted as Ε⊥C (ordinary), while ΕC is the 
extraordinary measurement with the electric field perpendicular to the direction of the 
graphene sheet (the basal plane). Furthermore, the structure of ion-implanted diamond is 
amorphous; at best small clusters of randomly orientated graphitic planes exist within 
the amorphous network. Ion-implanted diamond becomes graphite-like upon thermal 
annealing, only then do the optical properties begin to resemble graphite. Indeed this is 
shown in Section 2.4.4.2 in the work of Khomich et al. (2005). 
 
However, as ion implantation breaks up the sp3 bonding, the dangling bonds from the 
resultant sp2 bonded material provide pi bands within the diamond lattice. The pi- pi* 
transitions that occur at 4 eV affect the dispersion curve which of course is dominated 
by diamond. It is logical that this effect would become more prominent as the fluence 
increases since there are more sp2 bonds present. This effect is clearly seen in the 
refractive index and extinction coefficient spectra (Figures 5.1.4 and 5.1.5).  
 
The refractive index, n, as a function of wavelength with respect to ion fluence in the 
visible optical spectrum is shown in Figure 5.1.8a. Although it is evident that the 
features of the curve are enhanced as the ion fluence increases, the overall trend over the 
visible wavelengths is similar; as shown in Figure 5.1.9a. Similar trends in the 
extinction coefficient, k, and the optical conductivity, σ, are also seen in the remaining 
plots of Figures 5.1.8 and 5.1.9. 
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FIGURE 5.1.8a: The refractive index, n, in the visible range of the EM spectrum, for the six different 
ion fluences [ions/cm2] and bulk diamond. 
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FIGURE 5.1.8b: The extinction coefficient, k, in the visible range of the EM spectrum, for the six 
different ion fluences [ions/cm2] and bulk diamond. 
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FIGURE 5.1.8c: The optical conductivity, σ, in the visible range of the EM spectrum, for the six 
different ion fluences [ions/cm2] and bulk diamond. 
 
The optical conductivity, σ, is obtained from the equation: 
( ) ( ) ( ) ( ) 002 2 εωωωεωωεωσ kn== , 
where ε0 is the permittivity of free space. The conduction of electrons is not the same as 
the conduction of light. The optical conductivity is a measure of the response of the 
electrons to the electric field – greater response leads to greater dissipation, hence loss 
of energy and thus greater absorption of light. 
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FIGURE 5.1.9a: The trends, with respect to ion fluence, of the refractive index, n (left) and the 
extinction coefficient, k (right) averaged over the visible range of the EM spectrum. 
The location for bulk diamond is shown for reference; by no means should it be 
assumed that the behaviour of the optical properties lie along the line from diamond 
to R6. 
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FIGURE 5.1.9b: The trends, with respect to ion fluence, of the optical conductivity, σ (right) and the 
inverse of the optical conductivity, 1/σ (left) summed over the whole measurement 
range. The location for bulk diamond is shown for reference; by no means should it 
be assumed that the behaviour of the optical properties lie along the line from 
diamond to R6. 
 
Reflections aside, clear diamond is practically 100% transmissive. The diamonds used 
in this work have impurities, and hence exhibit a non-zero extinction coefficient which 
by Kramers-Kronig relations has an impact on the dispersion curve of diamond. 
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Detailed theory on the origins of dispersion in diamond can be found in Warren et al. 
(1967). Nevertheless, the extinction coefficient is very small and hence both the optical 
and electrical conductivity is small. 
 
The dielectric properties of a material are highly frequency dependent as the response of 
the material depends on the frequency. The electrical conductivity is merely the DC 
conductivity as 0→ω  and ∞→λ given by: piτωασ 42pDC ⋅= , where ωp is the plasma 
frequency and τ the mean collision time, finally α is an empirically determined material 
proportionality constant (Lenham and Treherne 1966). The optical conductivity, though 
frequency dependent, should be similarly affected, by the addition of unbound electrons 
and structural alterations of the crystalline lattice, as the DC conductivity. It thus seems 
logical to expect the same qualitative behaviour between the electrical and optical 
values of the conductivity. This is indeed reported on in Section 5.4. 
 
Upon ion implantation, unbound electrons arise from the broken bonds. The electrical 
response of the diamond thus increases, hence the optical conductivity also increases 
(refer Figure 5.1.9b right curve). The inverse of the optical conductivity (which could 
be referred to as the optical resistivity) can be understood as a measure of a material’s 
inability to respond to EM radiation. To that effect, the optical resistivity of diamond is 
high, and decreases with ion implantation (refer Figure 5.1.9b left curve). 
 
The observed trends with respect to ion implantation fluence of the refractive index, 
extinction coefficient and optical conductivity, as derived from the ellipsometry 
measurements and modelling, are supported by independent measurements detailed in 
the remaining sections of this chapter. A physical explanation for the trend is offered at 
the end of Section 5.4. It is postulated that the behaviour of the optical properties of ion-
implanted diamond can be described by considering the effects of material density, 
dangling-bond density, lattice site scattering and perturbations of the local electric field 
from conductive graphite-like clusters. 
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5.2 White-Light Reflectance 
The data for the white-light reflectance (WLR) measurement were obtained from the 
micrograph acquired by the means described in Section 4.3.2. A number of image 
enhancement processes were applied to the micrograph as a whole. The key point to 
consider is that from the WLR measurement the values of reflectance would not be 
absolute values. However, the relative differences in the reflectance intensities would be 
discernable between each implanted region on the sample. 
 
To obtain absolute values, the image that the camera captures would need to be 
calibrated; this requires at least two reference-point values of known reflectance 
coefficients or refractive index. This is not available on the sample. The reflectance of 
the unimplanted diamond is known, however this value is wavelength dependent. 
 
Overlooking the wavelength dependence for the moment, to obtain a second reference-
point, two specific spectral properties of said reference point would assist in improving 
the accuracy of the calibration. These are; a flat dispersion curve, and also a large 
difference in values of reflectance between the two reference-points. Of course the 
spectral region of interest for the WLR measurements lies in the visible part of the EM 
spectrum; 400 – 700 nm. 
 
From the ellipsometry data in Section 5.1, the dispersion curve for Region 1 (R1) yields 
the flattest response while also offering the largest difference in refractive index values 
from diamond; refer Figure 5.1.8a for details. Nevertheless, the dispersion curve for R1 
is still dependent on wavelength and cannot be assumed to be constant. Since the 
reflectance calibration is only required for data comparison between different 
measurement techniques, further details of obtaining the second reference-point are 
discussed later in this section. The attention will firstly focus on the analysis of the raw 
micrograph image data. 
 
The differences in the refractive indices of the ion-implanted regions are mostly quite 
subtle. The micrograph image required processing to accentuate the details that white-
light reflectance can reveal. From the grey-scale image obtained from the digital 
camera, the MATLAB™ functions, or filters, used to enhance the image must strictly 
apply evenly over the entire image; thereby preserving the relative ratios of the pixel 
intensities. The specifics of image capture are further elaborated on later in this section. 
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Recalling that the formula for reflectance is given by: 
2
1
1
+−
−−
=
ikn
iknR , 
it is possible to compare the R data from WLR to the n and k data from ellipsometry, as 
will be presented later in this section. The effect of the absorption coefficient (k) on the 
reflectance (R) is considered negligible for k < 0.2; i.e. δR < 1% for diamond. Most of 
the ellipsometric data in the visible spectrum is below this limit as seen in Figure 5.1.5; 
only the values of region 1 (R1) exceed this tolerance below 600 nm. This effect is 
observed in the analysis of Figures 5.2.5 and 5.2.6, but it is not necessary to account for 
it in the image processing portion of the analysis. 
 
In order to maximise the dynamic range of the pixels without oversaturation, the image 
was captured using camera settings that would produce pixel values of approximately 
50% grey for the bulk unimplanted diamond surrounding the six implanted regions of 
interest. This was performed, after setting the white balance (detailed in Chapter 4), by 
adjusting the aperture of the microscope light source rather then the light source 
intensity; changing the intensity would affect the white balance. The captured image 
was then adjusted using a digital brightness filter, so that the mean value for the bulk 
diamond was exactly 50% Grey, which corresponds to 〈127,127,127〉 in RGB colour 
mode. A few points need to be addressed and clarified before proceeding. 
 
The camera was setup to capture the image in monochrome mode; this has many 
advantages over processing an imported colour image. Not only is it faster and hassle-
free without the concern of selecting the correct colour space for the conversion process, 
it also permits to ignore camera specifics such as colour weighing and Bayer colour 
filter mosaic details. Finally, a digital linear contrast filter was applied to enhance the 
difference between the implanted regions. Unfortunately, this also had the adverse 
effect of greatly increasing the prominence of the dark surface features (black lines) 
present over the entire diamond sample. The final version is shown in Figure 5.2.1. 
 
The black lines were deemed not to be a concern as they occupy only a small percentage 
of the total measurement area. The black lines appear to be aligned in one direction; it is 
believed that they arise from polishing. It has been suggested that their prominent 
appearance may be due to imaging the diamond with the electron beam in the SEM 
prior to the gallium implantation. Optically, the black lines range in width from 1 to 
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5iµm. During the AFM measurements of the step heights, no topographical structure 
was revealed corresponding to the black lines; AFM error ±2 nm (RMS). 
 
It is preferable to exclude the black lines from the image analysis but not the image 
itself, as the removal of tonal components from the image by digital filtering leads to 
spectrum spreading, introducing artefacts and inaccuracies into the image. The whole 
image also contains minor fluctuations in the intensity due to micro-surface roughness 
and also camera pixel noise; thus the image of the diamond is not as uniform as the 
schematic image (Figure 5.2.2) would suggest. However, these fluctuations are small 
and random; they average out over a larger sampling area and do not affect the analysis. 
 
 
FIGURE 5.2.1: The micrograph image as used in the tonal analysis for the implanted regions. 
 
To exclude the black lines from the image analysis it is necessary to window, with an 
upper and lower threshold, the required tonal range within the specific area (region) of 
the sample. A coordinate grid was assigned to the image to more readily access each of 
the six implanted regions. Thus for each of the regions, the tonal spectrum is windowed 
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using Hamming coefficients; the Hamming window adequately minimised the digital 
processing artefacts, reducing the image shadow created by the black lines. 
 
 
 
FIGURE 5.2.2: A schematic image of Figure 5.21. The solid tones correspond to the equivalent 
intensities found from the histogram analysis; intensities are expressed using 
adopted K-values. 
 
The tonal spectrum is represented as a histogram. From the histogram data the mean 
tonal intensity is extracted; it is plotted with respect to ion-fluence in Figure 5.2.3. The 
tonal distribution was found to be Gaussian, with an average of 4% variance in the tonal 
intensity. 
 
The tonal intensity information of the image is stored as RGB, in an uncompressed 
TIFF file which has 24-bit colour information for each pixel. With the camera set to 
monochrome, the pixels all store a flat RGB value, i.e. there is no colour information. 
The in-camera greyscale conversion output is 24-bit, but in reality it only contains 8 bits 
of intensity information per pixel. The file is stored as RBG, presumably because it is 
faster to read a file 3 times larger than processing an 8-bit greyscale image into RGB for 
displaying on a monitor screen; compatibility issues may also be the basis. Since the 
RGB values are all equal to one another, the file only has 256 levels of intensity. 
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The camera used does not output a raw image file, which would have a 16-bit depth 
(65536 intensity levels). The difference in the outcome is discussed towards the end of 
the section. Since the image is processed from the 24-bit colour TIFF file, which is 
already adjusted for the human eye, it is rational to expect a fit against the 550 nm 
ellipsometry reflectance values. 
 
To simplify the analysis, the K-value is denoted as just the mean RGB value; the 
quantity K is adopted from the CMYK colour mode (K = blacK). Since now K and 
RGB are each of equal value, for the sake of brevity the K-value is exclusively used 
from hereon. For the schematic image shown in Figure 5.2.2, the tonal levels are 
produced using RGB, but expressed using K-values. The micrograph is thus represented 
in a more concise manner. The final digital contrast filter that was applied to the image 
adjusted the K-value for R1 to be 177. The value of 177 was selected as a matter of 
convenience; 50 grey-levels higher than bulk unimplanted diamond was deemed 
sufficient dynamic range for the reflectance values while still maintaining resolution in 
the tonal spectrum. The image generated in Figure 5.2.2 is already calibrated, and 
values of the reflectance can be extracted, however averaged over some wavelength 
range. The plot of the tonal intensities is shown is Figure 5.2.3. 
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FIGURE 5.2.3: Plot of tonal intensities as a function of ion-fluence. 
 
Upon plotting the tonal intensities with respect to the ion-fluence as in Figure 5.2.3, it is 
immediately clear that the trend is comparable to that found from the spectral 
ellipsometry data in Section 5.1; presented as Figure 5.1.9a. Since the micrograph was 
captured using white-light, and the general trend over the visible spectral range is 
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consistent, refer Figure 5.1.9a, the white-light reflectance measurements further support 
the trend derived from the ellipsometric data. 
 
The trend on its own only gives a qualitative picture of the reflectance. To put the 
numbers into perspective, it is necessary, as described earlier in this section, to obtain 
the second reference-point and calibrate the measurement. As the dispersion curve for 
region 1 (R1) has the flattest response and the largest difference in refractive index 
values from diamond, it was selected as the second reference-point. 
 
It is a non-trivial task to analytically select at which wavelength the data comparison 
between WLR and ellipsometry should be undertaken. Use of a narrow-bandpass 
spectral filter was not considered at the time of acquiring of the micrograph; it was 
recognised only retrospectively that the image shown in Figure 5.1.2 would be suitable 
for white light reflectance analysis. However since the diamond sample had been gold-
coated by this stage, further white light reflectance measurements were unachievable. 
Nevertheless, as the following few paragraphs demonstrate, the data is very useful in 
correlating the ellipsometric values with those achieved using white light reflectance. 
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FIGURE 5.2.4: (From ellipsometry data) Normalised (where R and n of bulk diamond would equal 
100%) plot of the refractive index (n), and the reflectance (R) at 550 nm (green) and 
700 nm (red), with respect to ion-fluence. (Colour online) 
 
As the name suggests WLR spectroscopy utilises white-light to probe the reflectance. 
The reflectance from WLR should not be interpreted as the average reflectance over the 
entire visible spectrum, but rather at a wavelength at which the measurement is most 
sensitive by either purely physical constraints or designed attributes. 
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However, it may not be justified to use the middle of the visible spectral range (green at 
550inm) to make the comparison. The sensitivity of the human eye is not the same as 
that of the CCD array in a digital camera, although depending on the quality the camera 
the response can be approximated quite well. Nevertheless, the spectral properties of the 
camera hardware and the light source should be considered. Within the visible 
spectrum, the CCD is most sensitive and also the light source emits the most spectral 
power, towards the infra-red. Thus the other wavelength selected for the comparison is 
red at 700 nm. 
 
As is seen in Figure 5.2.4, there is little difference between the two wavelengths; the 
perturbations are larger in the reflectance curves due to the function involving the 
square of the refractive index. Hence it is acceptable, at least in a qualitative manner, to 
compare the calculated reflectance from the ellipsometry data at either wavelength to 
the reflectance obtained from WLR, as is shown in Figure 5.2.5. 
 
80
90
100
110
120
130
140
1.E+13 1.E+14 1.E+15
Ion Fluence [ ions/cm2 ]
 
N
o
rm
a
lis
e
d 
R
e
fle
c
ta
n
c
e 
Va
lu
es
 
%
 
C
R @ 550 nm
R @ 700 nm
K%
2.E+13 5.E+13 5.E+142.E+14
Diamond = 100 %
 
FIGURE 5.2.5: Normalised (as before) plot of the reflectance (K%) from WLR compared to the 
reflectance (R) from ellipsometry at 550 nm (green) and 700 nm (red), with respect 
to ion-fluence. (Colour online) 
 
The fit of the data is almost perfect, minimally diverging away from the expected values 
as the ion-fluence increases. As a consequence, it is necessary to apply the correction 
for the absorption coefficient (k) of the implanted regions; this is presented in Figure 
5.2.6 in absolute values. The K-value curve has been calibrated and adjusted (absorption 
correction) for both wavelengths, thus two sets of curves are presented in Figure 5.2.6. 
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FIGURE 5.2.6: Plot of the reflectance (R) at 550 nm and 700 nm with respect to ion-fluence: 
Ellipsometry values in colour, 550 nm (green) and 700 nm (red); WRL values in 
black 550 nm (dashed line) and 700 nm (solid line). (Colour online) 
 
In Figure 5.2.6 the corrected reflectance values, accounting for absorption, from the 
ellipsometry data are used. The WLR values are in almost perfect agreement with those 
obtained from ellipsometry at 550 nm. It is thus evident that the camera performs all the 
necessary adjustments for human perception, such as white balance, colourimetric 
interpretation against CIE XYZ colour space, gamma correction, noise reduction, anti-
aliasing, and sharpening. The TIFF format takes all this information into account, thus 
the fit at 550 nm (green) is far superior to that at 700 nm (red). Furthermore, the raw 
image format would require more knowledge of camera and light source details to 
correctly ascertain the wavelength at which to compare the data. 
 
Nevertheless, analysing a 16-bit grey image would provide more information about the 
wavelength dependence of the reflectance, however such a level of detail was not 
required as this measurement technique was designed to test the validity of the 
ellipsometry results and not provide absolute values of the reflectance. Furthermore, 
noise would still produce a spread of intensity values around some mean. Whether or 
not the increased intensity resolution would have narrowed the error remains to be seen, 
however it is evident from Figure 5.2.6 that the reflectance values from WLR produce 
an almost perfect fit to the ellipsometry data. 
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5.3 Spectral Transmittance (NIR absorption) 
Following the successful comparison of the ellipsometric and the white-light reflection 
determination of the real part of the refractive index, n(λ), of ion-implanted diamond in 
the previous section, this section details the analysis of the data acquired from 
transmittance spectra to obtain the imaginary component k(λ). As discussed in 
Chapteri4, the optical transmittance data was recorded using an Agilent 86140B optical 
spectroscopic analyser with a photonic-crystal-fibre laser super-continuum light source 
(NL-1040 PCF) from Crystal-Fibre Denmark. The useful spectral range of the analyser 
is 600 to 1700 nm, while the light source has a flat spectral response far wider than that 
wavelength range investigated. 
 
There is however a bothersome discontinuity of the spectral response around the 
wavelength of the pumping laser (Nd:YAG λ = 1064 nm); this is evident in Figure 
4.2.3.3. Theoretically, the width of this disturbance (pumping spike) should be limited to 
the interval from 1055 to 1090inm; however from the recorded data it proved to be 
somewhat broader. Chromatic dispersion in the ordinary optical fibres is the most likely 
cause of this broadening. Furthermore, it appears that the intensity response of the 
spectrum analyser is not linear. 
 
In the free-space measurement, the intensity of the pumping spike was almost high 
enough to saturate the detector in the relevant wavelength range. The detector did not 
saturate for the bulk diamond transmission, however the received spectral power in the 
remaining portions of the spectrum was quite low. Furthermore, upon comparison with 
another spectral feature that appears around 780 nm, the intensity of which is much 
lower, the ratio between the free-space and bulk diamond measurement was different 
for each feature; the intensity of the pumping spike in free-space was relatively lower. 
 
As the calculations for this analysis involved the normalisation of the ion-implanted 
transmittance spectra to that of bulk diamond, the erroneous values in the pumping spike 
for bulk diamond produced a dramatic disturbance in the normalised spectra. A 
correction method was attempted using a notch filter, however as described in 
Chapteri4, this did not yield acceptable results. Instead, post-processing of the data was 
used to minimise the effect of the pumping spike. 
 
By scaling up the intensity of the pumping spike for the bulk diamond by the same 
factor as that for the feature at 780 nm, a more realistic set of values was obtained. The 
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scaling range was selected to be 1045 to 1125 nm; the dramatic increase at these 
wavelengths was unambiguously clear from the data. The adjustment did not have a 
perfect effect on eliminating the pumping spike; high levels of intensity were also 
recorded for the ion-implanted spectra and these too may have not responded linearly. 
Furthermore, the ion-implanted spectra were too noisy to accurately check the scaled 
ratio against the 780 nm feature. Nevertheless, the spectra were improved; it may have 
been simpler to just ignore the data between 1045 to 1125 nm and plot a discontinuous 
wavelength range; however it was felt that the use of a scaling factor was preferable to 
the omission of data. 
 
The spectra were inherently noisy, due simply to the low power levels recorded by the 
spectrum analyser; typical values spanned from -50 to -40 dBm (0.001 to 0.1 µW). The 
low power level is a result of the spectral power of the pumping laser being distributed 
over a very wide spectral range by the photonic-crystal-fibre. Smoothing of the noise 
was performed by averaging of three spectra recorded for each ion-implanted area. As 
far as the normalised transmission spectra were concerned, there was little to distinguish 
between them. 
 
Furthermore, a trend from the transmission spectra cannot be derived as transmittance 
not only depends on absorption, but also on reflectance, which cannot be assumed to be 
constant for all the ion-implanted areas. It was thus necessary to convert the 
transmittance into a more meaningful parameter, namely the nett-transmittance 
))(exp()( dx λαλ −=  as defined in Chapter 2. 
 
FIGURE 5.3.1: Schematical representation of the transmittance through the sample: (left) with the 
ion-implanted film, and (right) just the bulk diamond. 
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A close up of the transmitted light as it passes through the material is presented in 
Figure 5.3.1. Two equations are derived for the transmittance; for the bulk (unimplanted 
diamond) sample, and for the film (implanted) sample. Here the reflectance at the 
diamond/air interface is given as RD, while the film thickness d is of order 20inm. 
Furthermore, negligible absorption is assumed for the bulk volume over the thickness 
zi=i1.5 mm. In any event, any absorption cancelled out when taking the ratio of the two 
transmittance values, as d <<  z. 
 
Thus the ratio of the film and bulk transmittances is given by: 
d
Dbulk
film
e
R
RR
T
T α−
−
−−
= )1(
)1)(1( 21
      Note: xe d =−α  
To a first order approximation, the ratio of the two transmittance values would give the 
nett-transmittance x(λ) assuming R1 ≈ RD and R2 ≈ 0. Thus: 
)(λx
T
T
bulk
film
=  
However, as seen from the ellipsometry and white-light reflectance measurements, the 
refractive indices of the implanted areas (film) differ by an appreciable extent from the 
value of unimplanted diamond, thus nfilm ≠ nbulk. It is thus necessary to account for the 
different reflection coefficients between the samples. By assuming the n(λ) data from 
ellipsometry, as verified by white-light reflectometry, the reflection coefficients (R1 and 
R2) are calculated for each ion-implanted area, and factored into the measured ratio. The 
nett-transmittance x(λ) is the resultant value. 
 
For the comparison, the k(λ) data from the ellipsometry measurements is used to 
calculate α(λ) and hence x(λ). Thus the relative nett-transmittance of each ion-
implanted region is extracted. The comparison is thus presented in Figure 5.3.2: 
measured (meas) values originate from the transmittance data, while the projected (proj) 
values are generated from the ellipsometry data. 
 
It is clear from Figure 5.3.2 that the measured and projected values for each 
corresponding region do not precisely agree. The nett-transmittance appears to be 
overstated for all of the ion-implanted regions, expect for the most heavily damaged 
region (R1) where the nett-transmittance is understated. This was expected due to the 
assumptions made regarding the reflection coefficients and the film thicknesses. 
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FIGURE 5.3.2: Comparison of the nett-transmittance, x(λ), through the sample: (dashed line) 
values obtained from the transmittance measurement (meas), and (solid line) values 
obtained from the ellipsometry data (proj). (Colour online) 
 
Nevertheless, the spectral shape of the curves is perfectly replicated, proving that the 
dispersion calculated in the ellipsometry model is correct. Furthermore, the trend with 
respect to ion implantation fluence is also mimicked; qualitatively it is the same as in 
Figure 5.1.9a. The result reinforces the validity of the observed behaviour for both 
optical properties; the refractive index n(λ) and the extinction coefficient k(λ). This 
behaviour with respect to ion implantation fluence is further supported (at least 
pertaining to the refractive index) by measurement of the electrical characteristics of the 
ion-implanted areas as presented in the next section. 
 
The electrical conductivity does not greatly impact on the extinction coefficient of a 
material (Mott and Davis 1979). Since the material density and the dangling-bond 
density similarly affect both the refractive index and the extinction coefficient, another 
mechanism must be responsible for the observed increase in k at high fluences. The 
extinction coefficient is the sum of the absorption due to material attenuation and the 
absorption due to scattering. The material attenuation is more of a chemical (and 
bonding) property, while scattering is directly related to the structure of the lattice, i.e. 
lattice disorder. 
 
A quantifiable property related to the amount of disorder (magnitude of lattice 
dislocations) is the electric polarisability, often found in the relation: Ep ~~ α= , where p~  
is the induced dipole moment, α is the polarisability and E~  is the electric field vector. 
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Electric polarisability is the relative tendency of a charge distribution to be distorted 
from its normal shape by an external electric field, which in this case is caused by the 
presence of nearby dislocations (Cook 2002), or alternatively in a static system 
perturbing a particle at rest results in a reduction in its electric polarisability (Kijowski 
and Kościelecki 2005). The average permittivity (and hence refractive index) of the 
medium is related to the polarisability by the Clausius-Mossotti relation (Feynman et al. 
1965) (N.B. the Clausius-Mossotti relation in the context of refractivity is also known as 
the Lorentz-Lorenz equation). 
 
Although the polarisability is an atomic property, the dielectric constant (hence both n 
and k) will depend on the manner in which the atoms are re-arranged in the crystal 
(Kittel 2007). The relation is proportional, i.e. a decrease in the polarisability leads to a 
decrease in the refractive index. The effect on the local electric field due to vacancies is 
much greater than that due to displacements (larger degree of symmetry breaking). But 
only at higher fluences, where the binding strength between the atoms has been reduced 
by the dislocations, would the rate of vacancy production be greater compared to the 
dislocation defect rate (which is typically higher) and hence become the dominant effect 
(Auleytner and Morawiec 2006). 
 
By invoking the effect of electric polarisability on the optical constants, it becomes 
possible to explain the non-monotonic behaviour of the n and k curves. The 
complementary effect of the electric polarisability on the optical constants, along with 
the other contributing factors, are summarised in Chapter 6. The effect on the refractive 
index of changing the material density and the dangling-bond density is relatively 
straightforward; however the influence of ion implantation on the electrical conductivity 
is much more involved. How the electrical conductivity alters with ion implantation 
fluence is presented in the following section. 
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5.4 Electrical Conductivity 
Pristine diamond is an exceptional electrical insulator, having a resistivity of 
approximately 1014 Ω·cm (Lawrence and Kania 1994). On the other hand a good 
conductor such as silver exhibits a resistivity of order 10-6 Ω·cm, while typically 
amorphous carbon has a resistivity of between 5-8×10-2 Ω·cm (Serway 1998), but can 
vary greatly between 10-4 to 102 Ω·cm. Ion-implanted diamond is known to become 
increasingly electrically conductive as the ion-fluence increases (Vavilov 1974). This 
effect is due to the breaking of sp3 covalent bonds, which make up the tetrahedral 
crystalline lattice of diamond, forming disordered sp2 bonded hexagonal sheets, thus 
leaving delocalised pi electrons available for conduction. 
 
The most substantial manifestation of ion-induced damage in diamond is the change in 
electrical resistivity as a function of ion-fluence. Studies have involved the implantation 
of various ions and also different implantation temperatures (Vavilov 1974, Kalish 
1980, Prins 1983 and 1992 and Prawer 1990); reductions in electrical resistivity greater 
than ten orders of magnitude have been reported. Presented here is the result of 30ikeV 
gallium-ion implantation at room temperature. 
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FIGURE 5.4.1: Plot of the measured resistance with respect to gallium-ion fluence. NB: Lines serve 
only as a visual aid. 
 
The IV (current-voltage) measurements of electrical conductivity were performed using 
a traditional 2 probe arrangement; the current flowing over the ion-implanted surface 
was measured against a bias voltage ranging from -200 to 200 V. Each IV measurement 
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produced a straight line within noise limits; the measured gradient gives the 
conductance (as the voltage was varied and the current recorded), the inverse of which 
is simply the resistance. The results are plotted here as Figure 5.4.1. Note that these are 
not absolute values of resistance as the contact resistance was not assessed; the IV 
curves were however ohmic. 
 
The behaviour of the electrical conductivity of ion-implanted diamond as a function of 
the ion-fluence has been reported by many in the past, most notably Prawer (1995); the 
results are reprinted here as Figure 5.4.2. Since resistance, R (Ω) depends on the 
dimensions of the conduction path, in order to compare data sets it is necessary to 
convert to resistivity, ρ (Ω·cm), as this is a material property and does not depend on the 
geometry of the experimental setup. The conductivity, σ (S/cm) is simply the inverse of 
the resistivity. 
 
Although it is the resistance of the diamond sample that is plotted in Figure 5.4.1, the 
trend in resistivity would of course be the same since the distance between the point 
contacts was maintained at a constant probe separation for each measurement (refer 
Chapter 4). The resistivity is thus estimated to be no less than 2×1013 Ω·cm for the bulk 
diamond sample, which is within known values (Lawrence and Kania 1994). For the 
implanted areas the resistivity ranges from 107 Ω·cm to 1011 Ω·cm. 
 
The influence of dangling-bonds has been shown to increase the conductivity of the 
sample (Vavilov 1974), regardless of the ion species. In these measurements the 
resistivity of the ion-implanted diamond at low fluences dropped to the order of 
1010iΩicm. Furthermore, experiments conducted by (Prawer 1995) involving carbon 
and xenon-ion implantations measured resistivity at the highest ion fluences down to 
about 104iΩ·cm. 
 
The functional dependence of the resistivity upon fluence that was found in this work 
drew attention when investigations into similar experiments revealed the same form was 
reported for both carbon and xenon-ion implantations conducted at room temperature by 
Prawer (1995); the gallium-ion implantations in this thesis were also conducted at room 
temperature. The exact functional form was observed only at room temperature, while at 
other temperatures the behaviour was also non-monotonic but without the peak near the 
amorphisation threshold, DC (as seen in Figure 5.4.2). 
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Reconsidering Figure 5.1.9b of the optical conductivity/resistivity as calculated from 
the ellipsometry data, comparison with the resistance values from the IV measurements 
revealed the same trend in the curve (as shown in Figure 5.4.3). Recall that the optical 
resistivity at each ion-fluence was derived by taking the reciprocal of the optical 
conductivity averaged over all of the measured wavelengths. 
 
FIGURE 5.4.2: R vs D. Resistance of ion-implanted diamond as a function of ion-dose (fluence) for 
100ikeV carbon (C) and 320ikeV xenon (Xe). The arrows identify the dose at which 
overlap between conducting zones occurs. Additionally, at room temperature 
(295iK) a minimum in the R vs D curve occurs for a dose D1; this minimum is 
present for both ion species. SOURCE: (Prawer 1995). 
 
From the SRIM damage profiles for 30 keV gallium, 320 keV xenon and 100 keV 
carbon, the peak vacancy concentration Cv, scales as Cv(gallium) = 22×Cv(xenon) = 
D1 
D1 
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70×Cv(carbon). The same scaling factor can be seen in the resistance measurements; the 
onset of conduction occurs at the same vacancy (damage) concentration irrespective of 
ion species and energy. The conclusion reached from these studies is that the increase in 
conductivity can be described as a function of ion-beam damage, normalised for any ion 
species and energy to vac/cm3. Furthermore, the type of element (gallium: metallic, 
xenon: noble gas, carbon: non-metal and also a self-ion in diamond) has no influence on 
the conductivity. 
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FIGURE 5.4.3: Comparison of ellipsometry and current/voltage (IV) measurements plotted with 
respect to gallium-ion fluence. NB: Lines serve only as a visual aid. 
 
To fully understand the trends shown here, it is necessary to consider the effects ion 
implantation has on the structure of the diamond, which varies as a function of ion-
fluence. The trend of the resistivity of ion-implanted diamond with respect to ion-
fluence is non-monotonic, however over the investigated ion-fluence range (as shown in 
Figures 5.4.1 and 5.4.3) the curve can be broken down into three regions of interest. At 
first there is a gradual decrease, followed by a sharp increase peaking near the value of 
1×1014 ions/cm2, and then a decrease again as the ion-fluence increases. 
Low-Fluence 
Consider at first that at low fluences the effect of ion implantation is predominately 
symmetry breaking. The optical and electrical properties of the diamond are altered 
more by the disruption of the crystalline lattice than the reduction in the material density 
(rarefaction). Previous studies (Hauser et al. 1977; Uzan-Saguy et al. 1995a & 1995b; 
Prawer 1995) have shown that when diamond is damaged by ion implantation at ever 
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increasing doses it gradually loses its diamond properties (i.e. high electrical resistivity) 
until it eventually reaches saturation. The creation of vacancies from the implantation 
creates dangling-bonds in the diamond lattice. The structure of the damaged diamond in 
the transition stages between perfect diamond and graphite consists of broken sp3 bonds, 
some occupying metastable states in the barrier and some already graphitic (sp2), 
embedded in the undamaged diamond crystal environment (Prawer 1995). 
 
Thus at low fluences, there is still a high degree of the strong sp3 type bonding present, 
which maintains the diamond’s overall structure, thereby only slightly reducing the 
density of the material at low fluences, as seen in Figure 3.1.4 in Section 3.1. Hence, the 
mechanical and chemical properties of the partially-damaged diamond are 
predominantly maintained as they are mainly determined by the gross structure of the 
material. However the optical transparency and high electrical insulation are gradually 
lost with increasing amounts of damage; these properties depend on the purity of the 
diamond, i.e. on the absence of non-diamond states within the energy gap. 
 
The electrical resistivity of partially damaged diamond has been shown (Hauser et al. 
1977; Prawer 1995) to be well described by the variable-range hopping (VRH) 
mechanism according to the Mott theory (Mott and Davis 1979). It is detailed later that 
two different defect-related VRH conduction processes occur, either via graphitic sp2 
bonds or via vacancies, depending on the amount of ion-induced damage. The decrease 
in resistivity is not directly proportional to ion-fluence due to the additional and 
corresponding influence the decrease in material density is having on the overall 
dangling-bond density. 
 
Combined, the material and defect densities determine the density of hopping states at 
the Fermi level, N(Ef). Although both volumetric, the effect of increasing dangling-bond 
density and the rarefaction of the diamond are not necessarily inversely proportional to 
one another as they are governed by different physical mechanisms (Mott and Davis 
1979). Hence the decrease in resistance is not directly proportional to ion implantation 
fluence, as seen for the two lowest fluences in Figure 5.4.3. 
Around the Amorphisation Threshold 
Upon approaching the amorphisation threshold, DC, of diamond, the structural integrity 
of the diamond is severely compromised, leading to a high level of amorphisation and 
increased concentration of sp2 type bonding in the diamond. The volume expansion at 
this point greatly increases and the rarefaction of the material leads to a decrease in the 
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conductivity, hence an increase in the resistance as shown here. Following this, the rate 
of volume expansion saturates and the contribution to conduction due to the increased 
dangling-bond density once again becomes more prevalent. 
 
It is also important to consider that beyond the amorphisation threshold the 
concentration of sp2 type bonding is very high and increases further with ion-fluence. 
The sp2 bonds first clump together as graphitic-like clusters, all with varying 
orientations, which become graphitic-like planes as these clusters grow with ion-fluence 
and start to overlap. This produces high conductivity within the diamond, and thus a 
large decrease in the resistance as seen in the final points on the plot. Further ion 
implantation, to fluences greater than those investigated here, would completely 
amorphise the implanted volume and graphitise it upon annealing, resulting in 
resistivity values similar to those reported by Hauser et al. (1977). The progression of 
this process is strongly dependant on implantation temperature (Prins 2001b) as 
discussed further on in the section. 
 
Changes to the electrical properties of the ion-implanted diamond can also influence the 
optical properties. Ion implantation into transparent materials results in a decrease in the 
optical transmissivity; the progress of which is material dependent and does not behave 
in a linear fashion (Townsend 1987). The transmissivity is influenced by the optical 
attenuation which in turn determines the optical conductivity (Benedict et al. 1998). 
Thus it can be generally inferred that the electrical and optical conductivity both 
increase at higher ion fluences in diamond, barring some discontinuity caused by a 
significant transformation of the material at around amorphisation threshold, DC. This 
effect can be seen in Figures 5.4.2 and 5.4.3. 
 
The trend of the resistivity supports the trend derived from the ellipsometric 
measurements, shown in Figures 5.4.3 as the inverse of the optical conductivity from 
the equation σ(ω)  = 2ωn(ω)k(ω)ε0 . Nevertheless, the similarity of the two curves is 
compelling and mimics the data found in Prawer (1995) under similar implantation 
conditions, i.e. heavy ions, implantation energies under 10 keV/amu, and at room 
temperature. The reduction in conductivity has been reported by other researches for 
different ion species; Ar (Vavilov et al. 1974), Sb (Kalish et al. 1980), C (Prins 1983 
and 1992) and C and Xe (Prawer et al. 1990). The same reduction is clearly evident in 
the work conducted herein. 
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Conduction Mechanisms 
To date there is no supportive evidence that ion implantation into diamond produces 
free-electrons. Even when the implanted ion is a metal (such as gallium) its metallic 
nature in regard to electrical conductivity is not applicable at such low atomic 
concentrations (Mott 1969) as those investigated here. The influence on the conductance 
of by-product doping from the gallium implantation was also deemed to be negligible. 
 
Considering the implantation times and currents utilised in this work, the likelihood of 
in-situ annealing is negligible. Furthermore, there is too much damage in the diamond to 
activate the gallium as a dopant. This notion is strongly supported (Prins 1988; Kalish et 
al. 1996) by the investigation into the effects ion implantation has on boron-doped 
diamond. Gallium, like boron, is a Group III element (hence contains the same number 
of outer shell electrons) and as such can function as a p-type acceptor. However, as the 
diamond was not annealed and still contains a significant amount of vacancies, true 
chemical doping is non-existent†. Thus the conduction reported herein is solely due to 
the variable-range-hopping (VRH) mechanism (Reznik 1997). 
 
The electrical resistivity ρ of partially damaged diamond has been shown (Hauser et al. 
1977; Prins 1985; Prawer 1995) to be well described by the variable-range hopping 
mechanism (Mott 1969), as it exhibits the characteristic dependence of the resistivity on 
temperature T: 
( ) 4/110log −∝ TTρ  
The physical quantities which determine the VRH resistivity are, according to the Mott 
theory, the density of hopping states at the Fermi level, N(Ef), and the radius of the 
localized hopping states, α. These quantities are related to the measured resistivity by 
the formalism: 
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here k is Boltzmann’s constant. 
 
                                                 
†
 More information on the complexities of doping diamond can be found in Appendix D. 
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The authors (Hauser et al. 1977) who discovered the hopping nature of the conductivity 
in diamond damaged by ion implantation, have deduced a value of 1.2 nm for the radius 
of the wave function of the hopping state and have associated this conductive state with 
a graphitic sp2 bond. However, this formalism cannot account for the reduction of 
resistivity at D1. Furthermore, it only applies for ion fluences above the amorphisation 
threshold, DC. Mott theory does not describe the resistive behaviour in regard to ion 
fluences, but gives the temperature dependence for any given ion-fluence, hence for 
given values of N(Ef) and α. Mott theory simply offers proof that the conduction 
mechanism at high ion fluences is graphitic VRH. 
 
Prins (2000a) found evidence indicating that VRH conduction between vacancies is 
actually possible, supporting an earlier model (Prins 1985) according to which the 
damage within the collision cascades consists primarily of individual vacancies and 
interstitial atoms. Graphite then only nucleates when the vacancy density in the 
implanted damage volume reaches a critical value. This contrasts with the Morehead 
and Crowder (1970) approach as applied by Prawer and Kalish (1995) where the defects 
below the threshold are modelled in terms of graphite-like displacement spikes that 
form around the ion tracks during ion implantation. 
 
Conduction increases as the damaged regions cluster and increase in size, coming closer 
together, prior to connecting to form a percolative pathway. In either theory conduction 
is described at low ion fluences, as is also observed in this work, though the authors 
admit that the conductive mechanism is not well understood. Nevertheless, the general 
consensus is that different conduction mechanisms apply either side of DC. 
 
Variable-range-hopping, involving both vacancy and graphitic defects, cannot fully 
explain the peak in the resistivity between D1 and DC (as seen in Figure 5.42) which is 
only present at room temperature. This increase in the resistivity, and hence decrease in 
the conductivity, will affect the refractive index in that ion-fluence range; the refractive 
index should be lowered by the reduction in conduction which is indeed what was 
observed in this thesis. Thus either an additional electrical conduction mechanism is 
present or a more complete interpretation of VRH is required. Alternatively, another 
physical process may be responsible of the presence of the peak. 
 
Since the purpose of this thesis is also to present a greater understanding of the 
electrical properties of ion-implanted diamond, it is prudent to re-examine previous 
results and re-apply them to contemporary theories. In the years since Prawer and 
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Kalish (1995) attempted to give explanation of the results of Prawer (1995), studies on 
the temperature dependence of electrical conductivity in ion-implanted diamond have 
provided further insight into the conduction mechanisms. Furthermore the improved 
formalisation of Prins (2000a) regarding the VRH conduction between vacancies can 
also be applied to the results of Prawer (1995).  
 
Analysing the two conduction mechanisms is further complicated when considering 
implantation temperature, as DC changes as a function of implantation temperature 
(Friedland and Sellschop 2002; Hickeya et al. 2009). Although the investigation into the 
effects of different implantation temperatures was outside the scope of this work, 
analysing the published results helped to better explain the functional dependence on 
ion-fluence of the resistivity at room temperature. The findings are discussed as follows. 
Effects of Implantation Temperature 
A careful comparison of the available literature showed that for implantation at or 
below room temperature, the amorphisation fluence (i.e. DC) is always somewhat less 
than the fluence at which the resistivity begins to decrease sharply (Uzan-Saguy et al. 
1995a). The conclusion reached, then, is that for T < 300 K, the transition from sp3 to 
sp2 bonded carbon is inhibited until the diamond lattice is amorphised, a conclusion 
reinforced by electron spectroscopic measurements of Ar irradiated diamond (Hoffman 
et al. 1992). The inhibition of sp2 bond formation is explained by the reasoning that the 
electrons can only be prevented from relaxing into sp2 bonds if the atoms are trapped 
into metastable positions relative to each other. This implies that these atoms need to 
move to other positions before the sp2 bonds can form, which requires an input of 
temperature either during implantation or post-annealing. 
 
Because of the limited interstitial migration, which only becomes observable above 
150iK, at liquid nitrogen temperature the interstitial atoms have high probabilities to 
end up, and to become frozen, into metastable non-substitutional positions within the 
diamond lattice. This effect maintains the high material density of ion-implanted 
diamond (Sato and Iwaki 1988). Furthermore, this effect is more pronounced (Prins 
2000b) at temperatures below 77 K (LN2); also the creation of diamond-like carbon 
(DLC) by ion implantation has been reported (Hoffman et al. 1992); the crystal 
structure collapses causing a sp3-rich amorphous material to form. Vacancy related 
VRH would dominate the conduction once the defect concentration reaches a critical 
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value, while above 150 K graphite-like VRH would start to contribute to the conduction 
as well. 
 
For implantations at higher temperatures, but below 800 K, where interstitials are free to 
diffuse, i.e. Timpi>i300 K (Prins 1992), the situation appears to be different. The 
reduction of resistivity for implantations at 490 K (Prawer 1995) is abrupt enough to be 
accounted for by simple percolation theory (Kalish et al. 1980; Prawer and Kalish 1995) 
which supposes that at DC, there is an overlap between highly conducting graphite-like 
spheres in the implanted volume. Below this fluence the dependence of resistivity 
follows that expected for simple hopping conduction between conducting spheres 
(Prawer and Kalish 1995). Thus it appears that for implantation in this temperature 
regime, stable graphitic islands are created along each ion track. 
 
At these temperatures the interstitials are able to diffuse, thus creating the space for 
these atoms to relax into lower energy positions; the probability of sp2-bond formation 
thus increases. At fluences lower than DC, the rate of diffusion is slow (Uzan-Saguy et 
al. 1995a), thus many interstitial atoms still remain in the layer after implantation. The 
interstitial atoms contribute to inhibiting the graphite-bond formation and thus hopping 
conduction between conducting spheres dominates. 
 
At implantation temperatures exceeding 800 K, interstitial-vacancy recombination will 
increase until graphite-bond formation becomes totally inhibited; at a sufficiently high 
temperature, the vacancy density saturates below the critical value of DC. Recall that DC 
increases with temperature – DC(T) thus denotes the temperature dependent critical 
dose. Although lower than DC(T), the resultant vacancy density does not shrink to zero 
(Prins 2001b) as suggested by the Morehead and Crowder approach. 
 
Residual damage remains since even at these temperatures, where the vacancies can 
also diffuse, the residual damage is no longer dominated by individual vacancies. For 
example, high densities of tangled dislocations have been reported for very high dose 
carbon-ion implantations above about 900 K (Nelson 1983). Conduction can still be 
present in these cases, however not at the high levels achieved at 490iK or even 690iK 
as reported by Prawer and Kalish (1995); here the dominant conduction mechanism is 
defect-hopping. 
 
The formulation by Prins (2001b) suggests an implantation temperature threshold that is 
unique to every ion species/energy variation. This threshold depends primarily on the 
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number of jumps an interstitial needs to complete to escape the damage layer. This 
value depends on the thickness and the ion-to-vacancy/interstitial conversion factor, 
both of which are determined by the implanted ion species and its energy. By this 
reasoning, beyond the temperature threshold the critical ion-fluence required for 
graphitisation (and thus graphitic-like conduction) becomes infinite. This is not to say 
that the critical ion-fluence required for amorphisation, DC, behaves in the same 
manner; the diamond may not graphitise, but will not anneal back to its pristine form 
either. 
 
Thus in summary, the three thermal regions governing the formation of sp2 bonding are; 
i) Ti < 300 K: Both vacancies and interstitials are not mobile, i.e. frozen in 
during ion implantation; they do not diffuse out of the diamond and 
interstitial migration only becomes observable at about 150 K. As a result, 
sp2 bonding is inhibited below this temperature range. Conduction is 
suppressed until DC is reached and amorphisation sets in before any large-
scale sp2-bond formation takes place. 
ii) 300 K < Ti < 800 K: Above room temperature the mobility of the interstitials 
is sufficiently high, allowing the formation of the sp2 bonds once the 
interstitial atoms move into favourable positions. The process has a 
maximum efficiency within this temperature range, possibly around 450 K, 
where the rate of recombination may be equal to the rate of nucleation. 
When the graphitic islands overlap at DC, a percolative transition occurs, 
which results in a very sharp increase in the conductivity. Furthermore, sp2-
bond formation precedes complete collapse in the crystalline structure of 
diamond. 
iii) Ti > 800 K: Self-annealing inhibits graphitic sp2-bond formation, thereby 
altering the conduction mechanism. The value of 800 K is a first order 
approximation inferred from the temperature at which vacancies become 
mobile and are able to diffuse. The cut-off for sp2 bonding formation occurs 
at a slightly lower temperature that is unique to each ion species/energy 
combination. At this temperature the vacancies and interstitials are 
recombining faster than the rate of bond relaxation. 
 
The volume expansion of the diamond plays an important role in the resistivity. As the 
diamond expands the hopping centres, which ever they may be, move further apart 
either inhibiting further increases in conduction as the ion-fluence is increased, or 
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decreasing the conductivity as is evident in Figure 5.4.3. The fluence at which the rate 
of volume expansion suddenly increases, i.e. undergoes a significant material 
transformation, is seen to increase with implantation temperature. This effect is 
observed to occur at about 0.5DC(T) irrespective of implantation temperature; as is 
indicated in Figure 5.4.3 and is also seen in Figure 3.1.6. Hence, this understanding 
applied to the results of Prawer and Kalish (1995) offers an explanation of the non-
monotonic behaviour of the resistivity with respect to ion implantation fluence, and 
most importantly, the emergence of the peak (at room temperature) in Figure 5.4.3 and 
all throughout this thesis. 
 
The defect related decrease in the resistivity at low fluences is seen to occur at all 
implantation temperatures above 150 K, with the largest change occurring at 490 K due 
to high interstitial mobility and low recombination. The absence of this initial decrease 
at 150 K suggests that the lattice structure is maintained up to higher fluences since the 
interstitials have higher probabilities to come to rest in, and become frozen into, 
metastable non-substitutional positions within the diamond lattice (Sato and Iwaki 
1988). Only when the lattice is amorphised will conduction occur, which appears to be a 
dual contribution of defect and graphite-like VRH. 
 
The fluence at which the change in resistivity plateaus (Timp 490 K and 690 K), or peaks 
(Timp 295 K), before sharply decreasing correlates with the sudden volume expansion of 
the diamond. The decreasing trend of the resistivity is halted and the magnitude of this 
suppressive mechanism is proportional to the volume expansion and also depends on 
the magnitude of the initial reduction in resistivity. Hence, a peak occurs at room 
temperature as the resistivity is not decreased by much and is thus allowed to increase 
much more due to the volume expansion. However at Timp 490 K and 690 K the 
reduction was greater and thus less affected by the volume expansion; which actually 
decreases with implantation temperature (Spits et al. 1990), resulting in a plateau in the 
trend. 
 
Furthermore, the implantation conducted at 690 K exhibited an additional feature at 
very high fluences; there is a second defect-conduction-like reduction in the resistivity. 
It should be noted that at the highest fluences reported by Prawer and Kalish (1995) the 
entire diamond lattice would have been replaced by vacancies (according to TRIM) 
assuming no interstitial/vacancies recombination and complete interstitial diffusion. The 
authors cite that the material was not ablated, thus proving a very high rate of 
recombination is occurring at this temperature. As it is, 690 K is very close to the 
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threshold temperatures calculated by Prins (2001a) above which graphitic VRH is said 
not to occur. The first plateau can be accounted for by volume expansion, which is 
much less at this temperature, thus the plateau is less pronounced. It is possible that the 
second plateau is due to saturation up until the fluence where the overlap between 
conductive spheres is achieved, leading to percolation, and some sort of graded 
conduction pathway is established as the spheres are not spatially well defined. 
 
Hence from the literature it can be inferred that the peak feature in the conductivity 
found only at room temperature is most likely due to the abrupt swelling of the 
diamond. The reduction in material density gives rise to the same effect observed in the 
reflection, transmission and ellipsometry measurements conducted in this thesis; it is the 
major contributing factor to the reduction of the refractive index and extinction 
coefficient observed just prior to the ion-fluence reaching DC. 
 
The electrical conductivity affects the refractive index of the material (Mott 1969), but 
not so much the extinction coefficient (which is more affected by the electric 
polarisability as discussed in Section 5.3). Nevertheless, the electrical conductivity, 
along with the material density, dangling-bond density and the electric polarisability, all 
affect the optical constants of the material and even affect each other. These four inter-
related effects all contribute to the observed trend of the optical constants as a function 
of ion-fluence; the magnitude of each effect is highly dependent on the ion-fluence. The 
final chapter of this thesis summarises these effects and their relevant contribution in 
altering the optical constants (refractive index and extinction coefficient) of ion-
implanted diamond. 
 
  
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is the weight, not numbers of experiments that is to be regarded. 
 
 Isaac Newton 
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6. Summary and Conclusions 
 
Most materials exhibit an increase in the refractive index when implanted with energetic 
(i.e. not thermal) ions. Upon ion implantation at least four mechanisms combine to 
increase the refractive index; increases in the material and dangling-bond densities, the 
introduction of lattice strain, and also electrical conduction; either defect-related or 
where/when applicable graphite-related. Ordinarily, the material density increases as the 
lattice breaks down; the sample undergoes compaction. This introduces strain, thus 
increasing the refractive index. 
 
Diamond displays a unique combination of characteristics, including room-temperature 
quantum properties. The implanted region experiences material rarefaction, a reduction 
in density, since diamond is a meta-stable form of carbon; the lower density allotrope of 
graphite is the stable form. Diamond is distinctive in that despite this material 
rarefaction, it retains a high degree of structural integrity under high levels of lattice 
damage. Furthermore diamond exhibits a very high damage threshold before 
appreciable swelling is observed. Due to the reduction in material density, one would 
then expect the refractive index to decrease along with the material density. In either 
case, whether the diamond lattice compacts or expands, the lattice is under strain. The 
ion-implanted diamond under strain (or stress) can exhibit a direct piezoelectric effect; a 
polarization proportional to the strain is produced. 
 
In all cases where diamond has been implanted with ions (given a high enough fluence), 
the observed ion-induced surface swelling implies a reduction in the material density. 
However, the refractive index is measured to increase, either immediately or at high 
fluences. Thus other physical processes must be at play to this explain this effect. As 
described earlier, the presence of dangling-bonds contributes positively to increasing the 
refractive index, however when the diamond undergoes rarefaction, the dangling-bond 
density will decrease. 
 
Diamond is also special because it is composed of carbon, which can form graphite-like 
bonds upon ion implantation. Electrical conduction by means of graphite-related centres 
is much stronger than conduction by defect-related centres; that would thus increase the 
refractive index by much more than defect-related conduction. In the high-fluence 
regime, graphite-related electrical conduction is categorically the dominant effect 
influencing the increase in the refractive index of ion-implanted diamond. However at 
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lower fluences the responsible mechanisms, and their quantitative influence, are subject 
to analysis and from the available literature the results are varied. 
 
To reiterate, from the reviewed literature (excluding recent publications by Olivero and 
Kashyap), only Hines (1965) reports a strict increase in the refractive index (and no 
decrease) for 20 keV carbon. The results of Jubber et al. (1995) are not quantified, only 
that there is a change in the refractive index; Jubber however used thermal ions which 
may have incorporated into the surface of the diamond and thus produced a chemical 
change. On the other hand, Khomich et al. (2005) showed a decrease in the refractive 
index (350 keV helium). Additionally, Bhatia reported on low-fluence decreases and 
high-fluence increases for carbon implantation (20 keV to 1.5 MeV); however the 
precise trend with respect to ion-fluence is very sporadic. It is thus in the low-fluence 
regime that the disparity is present. 
 
It can be inferred that the major difference lies in the use of protons versus other 
energetic ions; protons would seem to have an immediate effect on increasing the 
refractive index, while for other ions the increase is present only at high fluences. Given 
that the end of range of MeV hydrogen ions is more than an order of magnitude greater 
than for the next lightest element helium, the deep implantation of the hydrogen ions, 
and hence the significant ion-induced lattice strain, could be the reason for the disparity. 
 
As the ions implanted in the experiments contained within this thesis were not protons, 
and thus were restricted to produce only near-surface damage, the effect of strain is 
diminished and electric polarisability becomes an important factor at low fluences. As 
such, presented below is the interpretation inferred from the experimental results and 
research of available literature. The disparity between the light and heavy-ion studies is 
addressed under the section of strain effects further on in the chapter. 
 
The analysis in this work focuses on the range of ion fluences where the most 
pronounced and significant changes occur in the diamond. The research gathered in this 
thesis, both from the experiments and review of the available literature, suggests that 
four mechanisms are responsible for the change in the refractive index of ion-implanted 
diamond with respect to the ion implantation fluence; as previously mentioned these are 
the material and dangling-bond densities, electrical conductivity and electric 
polarisability. Some of these are competing processes, while others are complementary. 
Each effect contributes in varying degrees within the range of fluences around the 
critical amorphisation threshold, DC. 
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Similarly, the extinction coefficient is also affected by the same mechanisms, albeit in a 
considerably different manner. The extinction coefficient responds little to the electrical 
conductivity and to a similar degree as the refractive index to the dangling-bond density 
(via the Kramers-Kronig relation). Significant effects are due to the material density (by 
obvious means) and also the electric polarisability, which is a direct measure of the 
amount of disorder, i.e. scattering, in the lattice; it can be interpreted as the scattering 
cross-section. As detailed in Chapter 5, the curve that represents the changing refractive 
index (and the extinction coefficient) can be regarded in three separate distinct regions; 
low-fluence, around DC and high-fluence. 
Low-Fluence 
At low fluences, there is little change taking place within the diamond. The material 
density is still relatively unchanging, electrical conduction has not yet initiated due to 
insufficient density of hopping sites, dangling-bond density is still low as the vacancy 
concentration is low compared to the dislocation defect concentration. Extrapolating 
between the values of bulk diamond and those reported here for the lowest ion-fluence, 
it may be inferred that there is a small reduction in the refractive index due primarily to 
increased disorder in the crystalline lattice. 
 
Thus the dominant effect at low fluences to reduce the refractive index below that of 
bulk diamond is electric polarisability, which is directly related to the amount of 
disorder in the lattice (magnitude of lattice dislocations or scattering cross-section). As 
discussed at the end of Section 5.3, the reduction in the electric polarisability within the 
dielectric material leads to a reduction in the refractive index and an increase in the 
extinction coefficient. This description is sufficiently valid to explain the observed 
values at region R6 (recall the region designations from page 136). 
 
The electric polarisability is affected by both vacancies and lattice dislocations, thus it 
continues to increase with ion-fluence. However as the extinction coefficient would 
continue to increase, the reduction in the refractive index is halted by the electrical 
conduction mechanism; variable-range hopping, either defect or graphite-like related, 
counteracts the effect on the charge distribution due to lattice dislocations. At low 
fluences, graphite-like conduction does not occur, however vacancy VRH may explain 
the increase in the refractive index. This effect coupled with the increasing dangling-
bond density and the lack of volume expansion leads to an increase in both optical 
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constants as observed at region R5. Increased scattering continues to increase the value 
of the extinction coefficient. 
Nearing the Amorphisation Threshold 
Somewhere near 5×1021 vac/cm3 the amorphisation of the lattice reaches a crucial point 
where a sudden expansion of the diamond occurs. The decrease in material density 
results in a decrease in all the other properties; dangling-bond density, conductivity and 
scattering cross-section all are reduced and contribute to lowering the optical constants. 
This effect is clear in the observed values at region R4. 
 
As the fluence increases further, the rate of volume expansion declines and the other 
mechanisms, responsible for increasing the refractive index, begin to dominate. Upon 
nearing the amorphisation threshold, DC, electrical conductivity increases dramatically 
as graphite-like VRH initiates. The dangling-bond density also continues to increase, 
though the effect of increased electrical conductivity is much stronger. This combined 
effect explains the increase in the refractive index and the continued decrease in the 
extinction coefficient (since k is not sensitive to electrical conductivity), as observed at 
region R3. Furthermore, the damaged volume is still expanding (albeit at a slower rate), 
thus further lowering the scattering cross-section (as the atoms move further apart) and 
hence slightly lowering the value of the extinction coefficient. 
High-Fluence 
At high fluences, the behaviour of the ion-implanted volume approaches that of 
amorphous carbon, or graphite in some cases. At this point there is little of the diamond 
material remaining and many of the attractive properties of the diamond are lost. The 
values of the refractive index and the general shape of the dispersion curve tend towards 
those of graphite. The sample exhibits high electrical conductivity; the values are 
consistent with measurements conducted by Prawer and Kalish (1995). The rate of 
decrease in the material density has become subdued at high fluences, whilst the 
dangling-bond density will continue to increase with ion-fluence as more bonds are 
broken. At this point the diamond lattice has amorphised enough as to render the effect 
of electric polarisability to be negligible. 
 
Hence the dominant effects on the refractive index are electrical conductivity and 
dangling-bond density, both of which increase the refractive index, thus confirming the 
increased refractive index values measured at the two highest fluences (regions R1 and 
R2). The effect on the extinction coefficient however is dominated by the amount of 
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disorder in the lattice, which of course leads to an increase in the extinction coefficient. 
The scattering cross-section is huge and thus the value of the extinction coefficient also 
is large. In fact the value at region R1 has returned to the linear response as seen in 
regions R6 and R5, confirming that scattering is the dominant effect on the extinction 
coefficient at high fluences. 
 
It is thus possible to completely explain the behaviour of both optical constants, with 
respect to ion implantation fluence, invoking four physical concepts; material density, 
dangling-bond density, electrical conductivity and electric polarisability. A graphical 
representation showing the dominant and relevant effects in each ion implantation 
regime (blue for low-fluence, green for around DC and yellow for high-fluence) is 
displayed in Figure 6.0. 
 
 
 
 
 
 
FIGURE 6.0: The optical constants; refractive index, n (black line) and the extinction coefficient, k (red 
line) taken from Figure 5.1.9a. Illustrated in colour are the three interesting sections and 
the dominant material properties that affect the optical constants within the section. 
Properties in black affect the refractive index, properties in red affect the extinction 
coefficient. All the listed properties have been defined as to positively affect the optical 
constant, i.e. if the value of the property increases so will the value of the optical 
constant. The properties listed above the horizontal axis increase the value of the optical 
constant while those listed below decrease it. (Colour online) 
 
To summarise, it is clear from Figure 6.0 that electrical conduction greatly affects the 
refractive index, while the extinction coefficient is largely influenced by the scatting 
cross-section. It is the decrease in material density and the resultant decreases in 
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ΣS = Scatting cross-section σd = Conduction via vacancy-defects 
ρm, ρm = Material density σg = Conduction via graphitic-defects 
σg , ρe 
ρm , ρe 
σd 
ρm , ρe , ΣS 
ΣP 
ΣS , ρe 
σg 
ΣS , ρe 
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dangling-bond density and scatting cross-section that lowers the value of both optical 
constants as the ion implantation fluence nears the amorphisation threshold. The initial 
decrease in the refractive index can be attributed to the decreased electric polarisability; 
which would actually continue to decrease with ion-fluence however other processes 
dominate the effect on the refractive index at higher ion fluences. 
 
These physical properties apply to heavy-ion implantation where the damage is located 
at or near the surface; they can be used to completely describe the response of the 
optical constants to ion implantation. The response of proton implantation, at least up to 
a vacancy concentration of 2×1021 vac/cm3, is radically different. The presence of 
significant ion-induced lattice strain may have a considerable effect on the refractive 
index. The effects of strain are thus reviewed below. 
Strain-Effects 
To address the issue of the anomalous behaviour in the direction of the refractive index 
change between heavy and light-ion implantations at low fluences, the following 
argument is presented. To break the information down succinctly, the observed 
monotonic increase in refractive index for proton implantation (Olivero et al. 2010; 
Kashyap et al. 2010) is most likely due to the significant amount of strain on the 
implanted lattice. The ion-induced lattice strain may inhibit, or considerably restrict, the 
mechanisms that are responsible for the reduction of the refractive index as seen in the 
heavy-ion studies. 
 
The effect of lattice strain is known to increase the refractive index (Spaepen and 
Ehrenreich 2009). Furthermore, effects of compressive strain are more pronounced than 
those of tensile strain (Bass et al. 2010). The implantations conducted by Olivero et al. 
(2010) produce a very large amount of compressive strain on the lattice due to the 
presence of the end of range damage. Similarly, the implantations conducted by 
Kashyap et al. (2010) also generate large amounts of lattice strain from the electronic 
damage distributed relatively evenly along the thickness of the diamond membrane. 
 
In both studies, the maximum fluence used produced a damage concentration below 
which the significant transformation of the material (i.e. abrupt swelling) is seen to 
occur. Thus, as the bonds are broken, strain is further introduced into the diamond 
lattice which is yet to amorphise and relax. It is therefore reasonable to infer that the 
deeply buried ion-induced damage, by generating strain in the diamond lattice and 
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extenuating the effect of reduced electric polarisability (which decreases the refractive 
index), would lead to the observed increased refractive index.  
 
To further exacerbate the divergence in the literature regarding the direction of the 
refractive index change, Olivero et al. (2010) offered the supportive argument that their 
results were consistent with the increase in the refractive index as reported by Hines 
(1965) for 20 keV carbon ions. SRIM shows that the resulting vacancy concentrations 
from the implantation fluences used by Hines are comparable to those reported in this 
thesis where the refractive index is also seen to increase. 
 
To that effect Kashyap et al. (2010) implanted hydrogen into a diamond membrane that 
was thinner than the end of range of the ions; thus creating damage predominantly by 
electronic stopping. Recall that a similar monotonic increase in refractive index (with 
respect to ion-fluence) as reported by Olivero was observed. Nevertheless, the damage 
volume is still contained within a relatively intact diamond lattice, and thus under strain.  
 
The monotonic increases in the refractive index as a function of the vacancy 
concentration deduced by Olivero and Kashyap differ by a factor of about 2. Olivero 
reports a steeper response of the refractive index to ion-fluence (vacancy concentration). 
It is possible that the difference could be explained by the amount of strain in the lattice; 
which is expected to be greater in the case of Olivero, hence the larger refractive index 
change. 
Final Thoughts 
There remains a gap in the literature regarding the effect ion implantation has on the 
refractive index where the damage concentration is between 2×1021 and 2×1022 vac/cm3; 
no reported increase in refractive index has been record within this damage range. The 
gap spans an order of magnitude in damage concentration, from the highest damage for 
proton implantation (Olivero et al. 2010) and the lowest damage recorded by Hines 
(1965); these are instances where the refractive index is seen to increase. Results from 
Hines for lower damage concentrations for 20 keV carbon ions were unresolvable, and 
in all fairness probably will remain unknown as the damage volumes are very small 
compared to proton implantation where damage at lower fluence is still measureable. 
 
The effects of lower fluence gallium-ion implantations than those reported in this thesis 
are probably unlikely to be measureable. However, a more detailed study, with smaller 
steps in ion fluences, spanning the range of damage covered in this thesis would yield a 
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better understanding of the processes that contribute to the reduction of the refractive 
index. Of particular interest would be a study of the effects between 5×1021 and 1×1022 
vac/cm3 to find if the refractive index and extinction coefficient have a common local 
minimum. 
 
Furthermore, proton studies at greater fluences than those of Olivero et al. (2010) and 
Kashyap et al. (2010) would help to complete the picture. It is possible that given a 
sufficient level of lattice damage leading to volume expansion that the refractive index 
would decrease under proton implantation. However, the range of ion fluences at which 
this may occur may be very narrow; the onset of electrical conduction by graphite-like 
defects could occur just after the diamond would expand. Electrical conduction would 
thus then dominate and increase the refractive index. 
 
This thesis has presented a detailed account of the effect that ion implantation has on 
single-crystal diamond. A clear model of the responsible physical processes that either 
lower or increase the refractive index has been shown to be consistent with the analysis 
of the available literature. Based on these findings, waveguide structures have been 
modelled and show modal confinement within realisable physical dimensions. 
Additionally, the decrease in the refractive index is sufficient for achieving ultrahigh-Q 
microcavities (with Q ≈ 107) in a diamond-based photonic-crystal slab. 
 
Thus functional optical colour centres with room-temperature quantum properties can 
be confined in the cavities and accessed, or coupled, using the waveguides. There are 
obvious applications in scalable quantum computing architecture. Furthermore, the 
diamond waveguides may also be applied to future optical computing systems as high-
throughput optical interconnects due to the favourable optical, electrical and thermal 
properties of single-crystal diamond. 
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Appendix A – QIP Using Diamond NV Centres 
 
The energy level structure of the NV centre was established by combining optical, 
electron paramagnetic resonance and theoretical results, as shown in Figure 2.1.2.1b. Its 
ground state and excited state are forming an electron spin triplet with 3A and 3E 
symmetries respectively (Davies 1994). Due to the spin-spin interaction in the diamond 
crystal, the ground state is split into (ms=0) and (ms=±1) sublevels (Harrison et. al 
2004). The optical transition between the ground and excited states has an energy of 
1.945eV (λ0=637.3nm). 
 
This transition displays high quantum efficiency, allowing single defect spectroscopy 
(Gruber et al. 1997), spin selectivity and rapid system spin polarization into the ground 
state (van Oort et al. 1990). The numbers 3 in 3A and 1 in 1A represent the number of 
allowable ms spin states, or the spin multiplicity, which range from –S to S for a total of 
2S+1 possible states. If S = 1, ms can be –1, 0, or 1. The 1A level is predicted by theory 
but not directly observed in experiment, and it is believed to play an important role in 
the quenching of photoluminescence. 
 
In the absence of an external magnetic field, the ground and excited states are split by 
the magnetic interaction between the two unpaired electrons at the NV centre; their 
energy is higher when two electrons have parallel spins (msi=i±1) than when spins are 
antiparallel (msi=i0). When an external magnetic field is applied to the NV centre, it 
does not affect the msi=i0 states nor the 1A state (because it has Si=i0), but it splits the 
msi=i±1 levels. If a magnetic field is oriented along the defect axis and reaches about 
1027 gauss then the ms=±1 and ms=0 states become equal in energy; they strongly 
interact resulting in spin polarization, which strongly affects the intensity of optical 
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absorption and luminescence transitions involving those states (Fuchs et al. 2008). The 
same effect can be seen at zero magnetic field by either applying an RF signal, or 
detuning two excitation lasers, by the frequency (2.88 GHz) matching the crystal-field 
splitting of the colour centre ground states (Santori et al. 2006a); coherent population 
trapping is thus possible at zero magnetic field. 
 
The NV centre also exhibits other important properties relevant to QIP. Long 
decoherence times: T1i~i1s at low temperature and 1 ms at room temperature  (Jelezko et 
al. 2004a), T2i~i30 microseconds (Kennedy et al. 2002; Jelezko et al. 2004a) have been 
repeatedly observed. It is also possible to tune the optical transition of the centres by 
Stark shift (Tamarat et al. 2006) to the same resonance, allowing scalability of the QIP 
architecture which would otherwise be limited due to the spectral inhomogeneity of NV 
centres. Also one of the most outstanding properties of the NV centre is room 
temperature optically-detected magnetic resonance (Gruber et al. 1997); this permits 
distinction between isotropic couplings, dipolar couplings or multiple centres. 
 
There are at least five alternative proposals for quantum entanglement generation and 
quantum computing in NV diamond systems, three of which specifically use some 
properties of NV diamond, and a further two where NV diamond is merely a convenient 
system for their realisation (Greentree et al. 2006a). Detailed studies have been 
undertaken of these five proposals, however there are many other schemes that could be 
easily converted to NV diamond implementations, namely; cavity QED (Turchette et al. 
1995; Cirac et al. 1997), optically coupled quantum dots (Lovett et al. 2003) and linear 
optical schemes (Knill et al. 2001). In addition to quantum computing, the NV centre 
has been specifically suggested for other quantum device applications, including 
quantum repeaters (Childress et al. 2006) and as a quantum Q-switch (Greentree et al. 
2006b). Applications to quantum key distribution (QKD) have also been researched 
(Beveratos et al. 2002b). The five NV diamond schemes are outlined as follows. 
 
Resonant dipole–dipole coupling: Interactions involving two qubits have been 
proposed by using resonant dipole–dipole coupling to controllably entangle NV centres 
(Lukin and Hemmer 2000; Shahriar et al. 2002). The coupling takes advantage of the 
Stark shift and the three energy level nature of the NV centres to achieve Raman 
transitions that are conditional on the state of nearby centres. The idea can be 
understood with respect to Figure A1.1. 
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Consider two atoms, a and b, where the qubit states are the ground states, 〉0| and 〉1| , 
and these are two-photon coupled, in a Λ configuration, via the excited state 〉e| . Two 
lasers are applied, one resonant with the 〉0| a - 〉e|  a transition with Rabi frequency Ωa, 
the other resonant with the 〉1| b - 〉e| b transition with Rabi frequency Ωb. In this 
arrangement the frequencies of the 〉e| a - 〉1|  a and 〉e| b - 〉0| b transitions are equal, thus 
the atoms are coupled by these transitions via virtual photon exchange if the atoms are 
in close proximity, or alternatively at a distance by means of a waveguide. This 
coupling, g, is state dependent and allows for non-trivial phase shifts, and hence 
conditional quantum logic, to be performed. Qubit selectivity is achieved by Stark 
tuning two atoms so that the required coupling schemes and resonances are achieved. 
 
 
FIGURE A1.1: Scheme for resonant dipole–dipole interactions between two three-level atoms. In 
each atom, the two photon transition can be mediated conditionally on the state of 
the other atom. The atom–atom coupling strength is either determined by the 
proximity of the atoms to each other, or can be long range if mediated by a cavity 
photon. SOURCE: Greentree et al. 2006a. 
 
Stark tuning of NV centres: The linear Stark shift is the change in the transition 
frequency of an electric dipole, when placed in an external electric field. Tuning the 
centres into resonance, or far away off resonance from neighbouring centres, enables the 
individual addressing of the NV centres while also representing a mechanism for 
overcoming the inhomogeneous linewidth of NV. If the tuning is done optically, then 
all-optical control (including readout) is possible and the qubit architecture is scalable. 
The Stark effect has been observed qualitatively in NV diamond by several researchers, 
most notably by Redman et al. (1992). 
 
Weak nonlinearities: By exploiting a material exhibiting a large, lossless Kerr-type 
nonlinearity in the path of an interferometer, effectively making a Mach–Zehnder 
interferometer, a controlled-NOT (CNOT) gate can be realised, see Figure A1.2a. 
However, at the single-photon level, there is a lack of a suitable medium that can 
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generate the required pi/2 phase shift without absorbing either the control or target 
photon. 
 
Efficient photon counting quantum non-demolition (QND) detection can be realised in a 
material exhibiting a weak, lossless nonlinearity, without the requirement for a pi/2 
conditional phase, by essentially setting up a high precision dark fringe interferometer. 
The interferometer is set up for a strong coupling field, aligned so that one output port 
sees a dark fringe; see Figure A1.2b. One arm of the interferometer has a cross-Kerr 
nonlinear medium, and the probe (to be detected) and one of the states of the qubit field 
pass through this medium. The weak nonlinearity induces a slight phase shift, θ, on the 
probe field, dependent on the presence or absence of photons in the qubit arm. Of 
course this phase shift will be extremely small; however, the signal will be proportional 
to both the phase shift and coupling intensity, effectively enhancing the weak 
nonlinearity. 
 
 
FIGURE A1.2: (a) Canonical scheme for CNOT operation with an ideal, lossless nonlinear medium 
(dotted box marked pi/2) capable of providing a pi/2 phase shift to the target, if the 
control photon is in the 〉1| state. (b) QND detector based on the weak nonlinearity 
scheme. A phase shift of θ << pi/2 is induced in the probe field by the presence or 
absence of a photon in the state 〉1| , and this phase shift is detected by performing 
homodyne detection on the probe. SOURCE: Greentree et al. 2006a. 
 
Although this approach can be applied to a large number of different single photon 
implementations, diamond has a distinct advantage over other materials; in order to 
amplify the very small lossless nonlinearities, very intense probe fields will need to be 
applied, which may tax material properties such as melting point. The fact that diamond 
has both the highest thermal conductivity and heat resistance therefore makes it the 
ideal choice for such implementations. 
 
The remaining two schemes, namely repeat-until-success quantum computing and 
brokered graph states can utilise the properties of the NV centre to generate 
entanglement of quantum states; they are not elaborated on here. Further information on 
these schemes can be found in the works of Beige et al. (2007) and Benjamin et al. 
(2006). 
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Appendix B – Waveguides I 
 
History 
A waveguide is a structure that is capable of guiding waves, be it acoustical, 
electromagnetic (EM) and of course optical. Many examples exist both in nature and 
conceived by man; the ear channel is an acoustical waveguide. In electromagnetic 
waveguides, the wave travels down the guide by reflecting off the inner surface; usually 
for lower frequencies (RF and microwave) it is down a hollow metal pipe, while for 
higher frequencies a dielectric is used where the principle of total internal reflection 
confines the propagation. A dielectric waveguide employs a solid dielectric rod rather 
than a hollow pipe to propagate the wave. The dimensions of a waveguide depend on its 
intended operational frequency; lower frequencies require large diameter waveguides. 
 
Waveguides for radio frequency (RF) transmission have been around since the late 19th 
century. The first waveguide was proposed by J. J. Thomson in 1893 and 
experimentally verified by O. J. Lodge in 1894; the mathematical analysis of the 
propagating modes within a hollow metal cylinder was first performed by Lord 
Rayleigh in 1897 (McLachlan 1964). The most common type of RF waveguide is the 
coaxial cable, with the first practical coaxial cable patented by Lloyd Espenschied and 
Herman Affel of AT&T's Bell Telephone Laboratories in 1931. It wasn’t until 1936 that 
the first transmission of TV pictures on coaxial cable took place, from the Berlin 
Olympic Games to Leipzig Germany. 
 
The same principles, i.e. Maxwell’s equations, apply to guiding light. An optical fibre is 
a dielectric waveguide designed to work at optical frequencies, with the first practical 
optical fibre for telecommunications demonstrated by researchers Robert D. Maurer, 
Donald Keck, Peter C. Schultz, and Frank Zimar working for American glass maker 
Corning Glass Works in 1970 (Hecht 1999). In an optical fibre light propagates down a 
dielectric structure of cylindrical geometry, but other designs can be used in the guiding 
of light. Slab dielectric waveguides in a rectangular-geometry, and to an extent 
photonic-crystal structures (micro-optical components), are the key focus of this thesis. 
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Waveguide Processing Techniques 
An examination of the underlying principal fabrication techniques used on silica-based 
materials and polymers, and the applicability to diamond is present here. The various 
techniques used fall into four distinct areas: growth or deposition; direct modification; 
topographic isolation; and also masking, which can be used along with any of the three 
aforementioned categories. 
Growth or Deposition 
Growth or deposition of a new material as a cladding can be achieved by a 
number of techniques. Chemical vapour deposition (CVD) is a process of film 
deposition from high temperature gas mixtures onto the substrate. A glassy film is 
formed, while its chemical make-up, and hence refractive index, can be controlled 
by adding appropriate concentrations of dopant gases. However, difficulties in 
uniform deposition arise from fluctuations in the temperature, as well as the 
concentration and laminar flow velocity of the gas mixture. Furthermore, the 
gases used by this process can be corrosive, explosive and even toxic. 
 
Sputter deposition is a slower though precise process. It involves depositing thin 
films by sputtering a block of source material onto a substrate. Sputtered atoms 
ejected into the gas phase are not in their thermodynamic equilibrium state, and 
tend to deposit on all surfaces in the vacuum chamber. A substrate (such as 
diamond) placed in the chamber will be coated with a thin film. 
 
One important advantage of sputtering as a deposition technique is that the 
deposited films have the same composition as the source material. The film and 
target stoichiometry is surprising considering that the sputter yield depends on the 
atomic weight of the atoms in the target. One might therefore expect one 
component of an alloy or mixture to sputter faster than the other components, 
leading to an enrichment of that component in the deposit. However, since only 
surface atoms can be sputtered, the faster ejection of one element leaves the 
surface enriched with the others, effectively counteracting the difference in sputter 
rates. This is in contrast to thermal evaporation techniques, where one component 
of the source may have a higher vapour pressure, resulting in a deposited film 
with a different composition than the source. 
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Molecular beam epitaxy (MBE) can lay down layers of materials with atomic 
thicknesses on to substrates. The slow deposition rate (typically less than 1000 nm 
per hour), allows the films to grow epitaxially. The resulting super-lattice has a 
number of favourable qualities; however the process requires far more 
complicated operation and equipment. MBE is better suited to very advanced 
technologies including quantum well lasers for semiconducting systems, and 
Giant Magneto-Resistance for metallic systems. 
 
Sputter deposition also has an advantage over MBE due to its speed. The higher 
rate of deposition results in lower impurity incorporation because fewer impurities 
are able to reach the surface of the substrate in the same amount of time. 
Sputtering methods are consequently able to use process gases with far higher 
impurity concentrations than the MBE methods can tolerate. During sputter 
deposition the substrate may be bombarded by energetic ions and neutral atoms. 
Ions can be deflected with a substrate bias and neutral bombardment can be 
minimized by off-axis sputtering, but only at a cost in deposition rate. Sputtering 
does not necessarily involve the deposition of a material; it can be used as a 
topographic isolation technique by removing material; this is discussed later. 
 
All growth processes involve some sort of thermal treatment and require a 
bottom-up approach to create the waveguide or photonic cavity. An optical centre 
cannot be created prior to this kind of fabrication technique as the thermal 
treatment would destroy, if not alter, the optical centre. Conversely, it cannot be 
created afterwards either as the diamond would no longer be accessible. Some 
deposition methods do not require thermal treatment and could be used in 
conjunction with the other techniques to better confine the optical mode within the 
photonic structure, e.g. covering the diamond with a polymer or other material as 
opposed to having an air interface. Ion implantation is a direct write or direct 
modification technique, where the volume around the optical centre is altered. 
Direct Modification 
Growth or deposition is more commonly used in creating photonic slabs due to 
the layer style of formation. More elaborate geometries and features can be 
achieved by directly modifying the optical material. Ion implantation is a well-
established technique commonly used to modify the optical properties of a 
material (Townsend 1987). The host material can be modified by ion implantation 
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by either doping with atoms of a different species, or by altering the crystalline 
structure of the material. Ion implantation offers a unique method of introducing 
foreign particles in a material, even on a nanometre scale. Sequential implantation 
at different energies can be used to significantly enhance the depth distribution of 
the material modification. Thus, photonic structures can be directly written into 
the active layer or membrane. 
 
Direct write techniques offer distinctive opportunities for the rapid prototyping of 
microphotonic devices in a range of materials including polymers, semiconductors 
and glasses. The minimum feature size and the overall length scale best suited for 
microphotonics is perfectly matched to the capabilities of the ion beam writing 
technique (100 nm – 1 µm resolution with overall lengths of 1–2 cm). 
 
There are two fabrication techniques, referred to as ion beam lithography (IBL), 
which can be utilised using ion beam writing. One is destructive IBL, where a 
defined pattern is removed from the active layer. Section 2.2.2 reviews this 
process into the fabrication of devices for microphotonic applications in diamond. 
The other is constructive IBL, where the ion beam modification of the host 
material is patterned to form a region with a different refractive index from the 
bulk, which is the method of choice when using non-polymeric materials; 
however it is also possible to apply it to polymers. Direct modification using ion 
beams is further detailed in Section 2.2.3 as it is the principal area of this 
investigation. Direct modification also lends itself to fabrication by topographic 
isolation – removal of a modified layer. 
Topographic isolation 
Topographic isolation, as the name suggests, involves physically isolating the 
active region with an air-gap, although this isn’t a universal interpretation. The 
end result is that the active region exists as a membrane or free-standing structure 
which is patterned from the substrate by removing material to form the photonic 
structure. In diamond, two commonly used methods are destructive ion beam 
lithography and reactive ion etching (RIE). 
 
Destructive ion beam lithography involves the direct micromachining of the 
micro-optical components, although it is most commonly applied to polymers. 
This method may typically require some post-irradiation processing like resist 
development, additional coating steps or thermal treatment in order to make the 
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final device or component. Surface relief gratings, micro-lens arrays, photonic 
crystal templates and waveguide cores are all fabricated using this method. 
 
Reactive ion etching requires the use of a mask to define the area for removal; this 
is discussed later. A pattern is etched into the substrate to define a topographical 
variation in the refractive index. The photonic structure can be surrounded by air 
or be laminated over with another material to achieve the desired optical 
properties. In any case, the defining characteristic of topographic isolation is the 
selective removal of the substrate material in order to create an active region. 
 
Another method of topographic isolation makes use of ion sputtering from ion 
implantation. Ion beam sputtering (IBS) requires ion implantations at extremely 
high fluences to remove the substrate material mono-layer by mono-layer. 
Depending on the size of the area, it can be a slow process but has potential in 
pattern shape and dimensions. More commonly a focused ion beam (FIB) is used 
to define the implantation area, and FIB milling is used routinely; FIB milling is 
governed by the same principles of physics as IBS, but allows for finer control of 
the removal area. Both IBS and FIB milling produce a residual layer of damage at 
the bottom of the implant (some light damage can also be present on the side 
walls owing to ion straggling). This damage can be removed and cleaned up by 
thermal treatment (annealing) of the sample post-implantation and etching in an 
appropriate solution. Masking is not necessary for FIB milling; patterning is 
achieved using the FIB apparatus. 
Masking 
The final technique involves the use of patterned masks on the substrate. Some 
mask on substrate applications are limited to the manipulation of reflection and 
transmission of the light; e.g. wavelength selective mirrors and filters and also 
diffractive elements, however they are not of interest in this work. More to the 
point, masking can be used as an additional complementary method to the 
aforementioned techniques to increase the spatial flexibility of a process, i.e. to 
create finer and more complicated three-dimensional photonic structures. As 
mentioned earlier, a mask is necessary to define an area for RIE. The 
combinations of these fabrication techniques allows for novel and detailed 
photonic structures to be implemented. 
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Ion Beam Writing of Waveguides 
Optical waveguides are one of the basic building blocks of many microphotonic devices 
ranging from optical amplifiers, optical switches, ring resonators and various 
interferometers that can be used for applications in biological and chemical sensing 
(Prieto et al. 2003). Compared to other waveguide-fabrication techniques, ion 
implantation offers the advantage of a precise control of the depth, at which the guides 
are formed. This can be done by controlling the energy of the ions (Sum et al. 2003). In 
passive optical waveguides, the light beam is confined by a region of high refractive 
index and the profile of the refractive index across the guide controls the optical modes 
which can propagate. 
 
 
FIGURE A2.1: (a) Fabrication procedure for ridge type waveguides fabricated in SU-8; (b) SEM 
images of an SU-8 Y-branch made using proton beam writing, before and the 
cladding layer is added. SOURCE: Bettiol et al. 2005. 
 
Ion beams have been predominantly used in the precision milling of substrates (Tseng 
2004); however there are two types of waveguiding structures that can be fabricated 
using ion beam writing. The first type of structure involves direct micromachining of 
the high refractive index core, usually followed by the coating with a lower refractive 
index cladding layer, although this is not strictly necessary as air can also provide modal 
confinement. Using this fabrication procedure, shown schematically in Figure A2.1: (a) 
and with SEM image in (b), the core size and refractive index contrast of the waveguide 
can be easily controlled by choosing an appropriate polymer combination, and spin 
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coating the desired layer thicknesses. This procedure is therefore useful for making both 
single mode and multimode waveguides in polymers (Bettiol et al. 2005). 
 
Waveguides can also be fabricated in a single step if proton beam writing is used to 
modify the refractive index of the target material. A representation is shown in Figure 
A2.2. Unlike ion beam micromachining, ion beam writing of polymers does not involve 
any chemical development processes after the irradiation. Ion beam modification is by 
far the most exploited proton beam writing method used for the fabrication of 
waveguides in many different types of materials (Roberts and von Bibra 1996; von 
Bibra and Roberts 1997). Indeed, a successful waveguide was made by this method as 
early as 1968 (Schineller et a1. 1968) by proton bombardment of amorphous silica. 
 
In amorphous silica, and indeed most other inorganic materials, changes produced by 
ion bombardment tend to increase the refractive index either by compaction of the 
lattice or by the addition of polarizable ions (Townsend 1987). Ion implantation to form 
optical waveguides has also been effective in: GaAs (Garmire et a1. 1972; Somekh et 
a1. 1973); GaP (Barnoski et a1. 1973); and ZnTe (Valette et a1. 1975). 
 
FIGURE A2.2: (a) Schematic of the irradiation procedure, and (b) and optical image of some 
waveguides fabricated in 3 mm thick PMMA. SOURCE: Bettiol et al. 2005. 
 
However, in some materials the refractive index may decrease under ion implantation; 
this usually occurs in high refractive index materials due to large lattice density 
inhibiting compaction. In this case the implant is used to define the boundaries and the 
unimplanted high index region then acts as the waveguide. An early example of an ion-
beam-induced decrease in refractive index (by 10%) was observed in LiNbO3 by argon 
bombardment (Wei et a1. 1974). However, it has also been found that the refractive 
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index of ion-implanted LiNbO3 increases if followed by a thermal annealing treatment 
(Magee and Lehmann 1976). 
 
Furthermore, ion implantation can be used to control the refractive index by doping; 
indeed, ion implantation doping of inorganic materials (LiNbO3, KNbO3, Bi4Ge3O4, 
etc.) is a popular way to modify their optical properties with micro-optical applications 
in mind (Mahdavi et al. 1992; Townsend 1992; Swart et al. 2000). However, this 
process is limited to low-fluence implantations since at high fluences the ion-induced 
damage may quench the effect of the dopant ions (Kalish et al. 1996). Nevertheless, if 
the desired refractive index change is not achieved at low fluences, hot implantation 
allows for the in-situ incorporation of the dopant ions while recovering the crystalline 
structure of the target material (Prins 1992). 
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Appendix C – Waveguides II 
 
Analytical Derivation of the Slab Waveguide 
Following the conventions set in Section 2.1 regarding the optical constants and 
Maxwell’s equations, the dispersion equation of a slab waveguide is derived. A full 
treatment of this derivation can be found in Okamoto (2006). 
 
Considering plane-wave propagation in the form of: 
)(),(~ ztjeyx βω −= EE  and )(),(~ ztjeyx βω −= HH  
 
 
FIGURE A3.1: (left) Slab optical waveguide. (right) Refractive-index profile of slab waveguide. 
SOURCE: Okamoto (2006). 
 
In the slab waveguide, as shown in Figure A3.1 (left), electromagnetic fields E~  and H~  
do not have y-axis dependency, therefore 0y~ =∂∂E  and 0y~ =∂∂H . For the two 
independent electromagnetic modes, TE and TM, the following wave equations are 
satisfied. For the TE mode: 
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The propagation constants and electromagnetic fields for TE and TM modes can be 
obtained by solving the wave equations. Consider a slab waveguide with uniform 
refractive-index profile in the core, as shown in Figure A3.1 (right), and the fact that 
the guided electromagnetic fields are confined in the core and exponentially decay in 
the cladding; the electric field distribution is expressed as: 
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Here κ, σ and ξ are the wavenumbers along the x-axis in the core and cladding regions 
and are given by: 
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For the TE mode, the electric field component Ey and magnetic field component Hz are 
continuous at the boundaries of core–cladding interfaces )( ax ±= . The boundary 
condition for Hz is treated by the continuity condition of dEy/dx as: 
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Thus since dEy/dx is continuous at the boundaries, the following equations are obtained: 
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The constant A can be eliminated, and thus rewriting the previous equations in terms of 
the normalised transverse wavenumbers u = κa, w = ξa and w’ = σa: 
u
w
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The eigenvalue equations for the dispersion are thus: 
)(tan
2
1)(tan
2
1
2
)(tan
2
1)(tan
2
1
2
11
11
u
w
u
wm
u
w
u
wm
u
′
−+=
′
++=
−−
−−
piφ
pi
    (m = 0, 1, 2, …) 
The normalised transverse wavenumbers u, w and w’ are related to the normalised 
frequency, v, in terms of the normalised propagation constant, b, and the asymmetry of 
the cladding refractive indices, γ, defined as follows: 
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rewriting the dispersion in terms of the just-defined quantities allows for simple 
numerical analysis, hence given: 
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FIGURE A3.2: Dispersion curves for the first 3 TE modes in the slab waveguide with varying 
asymmetry, γ. Also indicated is the b value for SM cut-off. (Colour online) 
 
The dispersion equation is simplified when the waveguide is symmetric, i.e. γ = 0: 
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Furthermore, the cut-off condition is expressed as b = 0, therefore the normalised 
frequency at cut-off, vc, is: 
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The thick black lines in Figure A3.2 represent the symmetric dispersion curves for the 
fundamental and next two order modes, while the coloured lines display the effect of 
m = 0 
m = 1 
m = 2 
γ = 10 
γ = ∞ 
γ = 1.632 
γ = 0 
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cladding asymmetry γ. The effect of γ on v cannot exceed the value of pi/4, (when γ = 
∞). Single-mode cut-off is defined at normalised frequency v below which the second 
order mode, m = 1, appears. The normalised propagation constant b is thus obtained and 
given the wavenumber k, all remaining quantities become calculable. 
 
Finally, from the cut-off condition in terms of the normalised frequency v (which allows 
for calculations independent of each waveguide structure) the propagation 
characteristics of the waveguides can be treated generally by: 
22
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The maximum waveguide half-width, a, can thus be calculated: 
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The cut-off condition for TM modes is similarly obtained, of course beginning with the 
wave equation for the TM mode. The magnetic field distribution Hy is the same as for 
Ey, as are the wavenumbers κ, σ and ξ. Applying the boundary conditions for the TM 
mode, the magnetic field component Hy and electric field component Ez are continuous 
at )( ax ±= , the following dispersion equation is obtained: 
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Thus, rewriting the equation in terms of v and b, it reduces to: 
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The same value of v for cut-off exists for both modes; however the corresponding b 
value for TM will be slightly smaller than for TE. In a slab waveguide, the fundamental 
mode (m = 0) will always propagate regardless of slab thickness (2a), however if the 
thickness is too small, most of the mode profile will exist outside the core region, i.e. in 
the cladding, where it will exponentially decay. This exponential decay is calculated 
from the wavenumbers, σ and ξ, which represent the evanescent wave in the superstrate 
and substrate respectively. 
 
Before considering power distribution in both the core and cladding regions, the issue of 
penetration depth is addressed; this is a critical factor in designing the cladding 
thickness. Penetration depth is a general term for expressing the distance away from the 
core boundary where the mode profile intensity (power) reduces by a factor of 1/e ≈ 
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0.37; it is usually denoted as δ. The skin depth is the distance which the wave can travel 
before its amplitude reduces by that same factor, thus skin depth is twice the penetration 
depth. In determining the minimum cladding thickness the value of 4δ is usually 
adhered to (Pankove 1971). 
 
The wavenumbers σ and ξ determine δ, by the expression δ = 1/σ or 1/ξ. When the 
value of σ = ξ, the penetration depth is equal on both sides of the core, and hence so is 
the power distribution (also w = w’). Once the φ eigenvalue of the waveguide is 
obtained, the remaining terms in the field distribution are determined except for the 
arbitrary constant A. The constant A is determined once the optical power P carried by 
the waveguide is specified.  
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The power fraction in the core and cladding regions (substrate and superstrate), 
respectively, are given as: 
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Thus the total power P is then given by. 
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The following section presents the numerical analysis for a slab waveguide; the values 
used reflect those obtained from the ellipsometry measurements (as discussed in 
Chapter 5), while the numerical results obtained from the analysis are subsequently used 
in the waveguide simulations discussed later in this chapter. 
 
Slab Analysis 
The analysis is conducted at the wavelength λ = 635 nm. The refractive indices used are 
as follows: ncore = 2.4134, ncladding = 1.0 (air) and nsubstrate = 2.3468. The refractive index 
combination gives γ = 14.218, thus the normalised frequency for second order mode 
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propagation equates to v = 2.227. The normalised propagation constant b is solved by 
the bi-section method; b = 0.7033. Numerically solving for b is trivial when γ = 0, 
however when γ ≠ 0 the solving program performs much better given a reasonable 
starting value for b. This can be easily obtained using the graphical method where b is 
plotted as a function of v; as seen in Figure A3.3. 
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FIGURE A3.3: Dispersion curves for the first 2 TE modes in the slab waveguide with γ = 0 (thin 
line) and γ = 14.218 (thick line). 
 
Given b, the remaining properties, i.e. the propagation constant, β, and the transverse 
wavenumbers, κ, σ and ξ, are calculated as follows: β = 23.69 µm-1, κ = 3.035iµm-1, 
σi=i21.52iµm-1, and ξ = 4.672 µm-1. Thus the skin depth in the substrate is 
δskini=i428inm. Furthermore, it is also possible to calculate the slab waveguide half-
width a from the cut-off condition, thus a(λ = 0.635 µm) = 0.4 µm. Once the 
propagation constant and the transverse wavenumbers are now known, the power in the 
mode can be calculated. The power distribution in the three regions is given below; the 
corresponding mode profile (red curve) is shown in Figure A3.4. 
 
%4.75core =P , %2.20sub =P , %4.4super =P  
There is little power in the air given the relatively similar refractive indices of the core 
and substrate. The more symmetrical the waveguide becomes, i.e. as γ → 0, the greater 
the power fraction outside the core. 
 
To analyse a buried slab waveguide, where the refractive indices for the superstrate 
(cladding) and substrate are equal (i.e. γ = 0), the following parameters are set: λ0 = 635 
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nm, ncore = 2.4134, and nsuperstrate =  nsubstrate = 2.3468. The same analysis can also be 
applied to find the lateral component of a channel waveguide with which the analysis of 
the previously investigated slab waveguide can be coupled. 
 
FIGURE A3.4: Mode profiles for a slab waveguide with γ = 0 (green curve) and γ = 14.218 (red 
curve). The corresponding half-widths, a, are also shown. (Colour online) 
 
Since γ = 0, the normalised frequency for second order mode propagation equates to v = 
pi/2, while the normalised propagation constant b = 0.6464. Thus the remaining 
waveguide parameters equate to; β = 23.65 µm-1, κ = 3.313iµm-1, σi=i4.479iµm-1, and ξ 
= 4.479 µm-1. The skin depth is slightly larger than in the asymmetric case but is equal 
on both sides; δskini=i447inm. The half-width is calculated to be; a(λ = 0.635 µm) = 
0.28 µm. Given this information, the mode profile (green curve) is shown in Figure 
A3.4; the power distribution in the three regions is as follows: 
 
%8.55core =P , %1.22sub =P , %1.22super =P  
 
Modal Leakage 
The fabrication methods discussed in this chapter are used to form planar waveguide 
structures on a diamond substrate. It is important to isolate the guiding core region 
sufficiently far from the substrate, as diamond has a refractive index that is appreciably 
higher than that of the cladding. The higher refractive index of diamond gives rise to 
substrate leakage as the light propagating in the core will leak from the lower refractive 
index buffer layer (cladding) into the higher index substrate through optical tunnelling, 
which is analogous to frustrated total internal reflection. In the diamond substrate, the 
asym = 0.28µm a = 0.40µm 
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light is propagated away from the waveguide, as diamond is relatively non-absorbing in 
the wavelengths of interest. 
 
 
FIGURE A3.5: Cross-section of a buried channel waveguide (BCW) showing the substrate, 
orientation of the x- and y-axes used in the analysis, the core width a, and the 
cladding thickness d. 
 
In this section, a simple model of substrate leakage is used to quantify the leakage loss 
from the core through the lower buffer layer to the substrate. This model is based on the 
derivations found in Ladouceur (1991). Intuitively, the leakage loss will decrease with 
increased buffer layer thickness; this model allows quantification of the minimum 
buffer layer thickness required to keep the leakage below a predetermined level. 
 
The expression for leakage loss, as the derivation will show, is most sensitive to the 
exponential term which, for given core-cladding and light source parameters, depends 
on the normalised cladding thickness, D = x/a. The model and results can also readily 
be adapted to quantify the minimum thickness of the upper cladding if it were to be 
coated with a higher index protect layer. The solution for leakage loss is presented for 
the fundamental mode of the buried channel waveguide (BCW) detailed here in Chapter 
3, Section 3.4.3.5. 
core 
diamond substrate 
2a 
d 
y 
x 
cladding 
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FIGURE A3.6: Refractive index profile for the slab waveguide model of the BCW and substrate. 
 
Leakage of optical power from the guiding structure to the substrate results in 
attenuation of the fundamental mode. This is accounted for analytically by expressing 
the propagation constant as a complex quantity, i.e. β = βr + iβi. The imaginary part βi 
allows for modal attenuation along the BCW by introducing the factor exp(-βz) into the 
field expression. Given that within weak-guidance, the scalar modal field E(x, z) is: 
 
E(x, z) = Aφ(x)exp(-βz) = Aφ(x)exp(iβrz -  βiz), 
the fundamental-mode power P(z) at distance z along the guide is proportional to the 
integral of |E(z)|2 and therefore involves an exponent of 2βi. Hence P(z) decreases as: 
 
P(z) = P(0)exp(-2β iz) = P(0)exp(-Γz) 
where Γ = 2βi is referred to as the power attenuation coefficient. Usually the power 
attenuation coefficient is denoted by γ (lowercase gamma), however since that symbol 
has already been assigned in the thesis (asymmetry of the cladding refractive indices) 
the use of the uppercase (Γ) is applied here. The loss in dB is then given by: 
 
Γ=





− 43429)0(
)(log10 10 P
zP
 dB/cm, when Γ is expressed in µm-1. 
To quantify the optical tunnelling through the buffer layer to the substrate, it can be 
assumed that the square core cross-section in Figure A3.5 can be regarded as a section 
of a slab waveguide of infinite width in the y-direction and uniform cross-section in the 
x-direction. Ladouceur and Love (1995) showed that this assumption is valid as the 
same fraction of modal power propagates in the claddings of both the BCW and slab 
models. The refractive index profile is shown in Figure A3.6. 
 
n 
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For the buried channel waveguide, the solution begins with solving the eigenvalue 
equation for the waveguide to obtain the normalised propagation constant, b, as 
described earlier. As the waveguide is symmetrical the normalised waveguide thickness, 
V, is defined as: 
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This is for the fundamental mode. Given that V = 3.064 for the waveguide dimensions 
used, b equates to approximately 0.6365. The normalised transverse wavenumbers U 
and W, along with the effective refractive index, neff, and thus the propagation constant, 
β, and also the relative difference between the core and cladding refractive indices, ∆, 
can all then be obtained from the following equations: 
8474.11 =−= bVU ,   4447.2== bVW , 
( ) 3894.2222 =−−= cladcladcoreeff nnnbn , 
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With this information it is now possible to evaluate the modal parameter Q for the 
substrate region, which is defined as: 
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Since the buffer region of the waveguide is not infinitely thick, but still large compared 
to the core size, a, a perturbation solution to the following eigenvalue equation is 
sought. 
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By setting normalised transverse wavenumbers U and W to their complex form, 
 
ir iWWW += , and ir iUUU += , where iW << rW , and iU << rU , 
the power attenuation coefficient, γ, is expressible as: 
r
ir
i
a
UU
ββ 2
22 ==Γ  
On setting 
∆
≈≈
2
aVkncorerβ , the solvable form for Γ is obtained, in the units of the 
core size a: 
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Loss is usually expressed in units of dB/cm. Thus the final expression is: 
De 889.47506 −=Γ dB/cm. The expression of this form is easily plottable as a straight-
line on a semi-log scale as shown in Figure A3.7. 
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FIGURE A3.7: Substrate leakage for the fundamental mode of the square-core BCW on a diamond 
substrate as a function of the normalised cladding thickness D = d/a. 
 
Assuming a maximum acceptable substrate loss of 0.01 dB/cm – since the waveguide 
lengths for their intended purpose are of the order of millimetres – then the minimum 
cladding thickness should not be less than about 2.7a, i.e. at least comparable to the core 
width. Such cladding thicknesses of the implanted layer may be produced by multi-
energy techniques as detailed in Section 3.4.3.4. 
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Appendix D – Doping of Diamond 
 
The influence on the conductance of by-product doping from the gallium implantation 
was considered to be negligible. This notion is strongly supported (Kalish et al. 1996) 
by the investigation into the effects ion implantation has on boron-doped diamond. 
Gallium, like boron, is a Group III element (hence contains the same number of outer 
shell electrons) and as such can function as a p-type acceptor. Gallium however is a 
metal; nevertheless its metallic nature in regards to electrical conductivity is not 
applicable at such low atomic concentrations (Mott 1969) as those investigated here. 
Thus this only leaves electrical conductivity due to the presence of dopants as the 
conduction mechanism to be investigated. 
 
The doping of diamond by ion implantation is not such a straightforward process when 
compared to silicon. Since the activation energy for diffusion of self-interstitials or 
vacancies is very high, high annealing temperatures are required after implantation to 
get rid of the damage and to activate the implanted ions (i.e. move them to substitutional 
sites). Due to its thermal instability, implanted diamond cannot be heated above 
1700i°C, which is not enough to activate diffusion of the acceptors (Thonke 2003). The 
other limitation is that the implantation fluence has to be kept under the graphitisation 
threshold of 1022ivacancies/cm3. Thus early attempts to dope diamond by conventional 
ion implantation (like the gallium implantations conducted herein) did not succeed in 
preparing p-type layers (Vavilov 1978). 
 
As a consequence, special schemes were designed to circumvent these obstacles: carbon 
co-implants to generate additional vacancies for boron atoms were tested (Prins 1989; 
Sandhu et al. 1989), and cold-implantation-rapid-annealing (CIRA) helped to reduce the 
resistivity of implanted layers (Prins 1992). More so, even with optimised implantation 
profiles and annealing procedures, the total doping efficiency of the implanted dose of 
4×1018 ions/cm3 did not exceed 1.5% (Fontaine 1996). This resulted in an acceptor 
concentration of about 6×1016 /cm3; the mobility at room temperature was measured to 
be 400 cm2/Vs. Therefore the upper limit of boron concentration, as determined by the 
amorphisation threshold is of order 1020 ions/cm3 (Thonke 2003). Reports on the onset 
of conductivity in boron doped diamond put the lower bound at concentrations of about 
1018 boron ions/cm3 (Gheeraert 1998). 
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Doping efficiency aside, the gallium concentrations in this work range from 1×1019 to 
5×1020 ions/cm3, well above the necessary concentration required for dopant 
conduction, as previously described. However, under the implantations condition 
utilised in this thesis, the activation of the gallium acceptors should not occur (Prins 
1988), at least for boron doping by ion implantation. If by some chance the gallium 
acceptors have been activated, the effect of compensating donors would not be any 
different and the findings reported by Kalish et al. (1996), as described below, would 
equally apply. 
 
Kalish established that the defects (vacancies) generated by nuclear stopping processes 
compensate the p-type carriers in diamond, thereby quenching any effect of conduction 
due to the dopants. Using a boron-doped diamond (concentration ≈ 1018 ions/cm3) 
created by CIRA with a mobility 300 cm2/Vs and an acceptor concentration of about 
6×1016 /cm3, and subsequently implanting hydrogen and helium ions at various 
energies, Kalish restored the resistance of the boron-doped diamond to almost that of 
pristine diamond; a five orders of magnitude difference. However, it is important to note 
the level of damage at which this occurred, the vacancy concentration was under 
1017ivacancies/cm3; four orders of magnitude less than the vacancy concentrations 
present in this work. 
 
It is also reasonable to assume that if the ion-induced quenching scales with 
acceptor/vacancy concentration, then for the gallium concentration reported herein there 
is still an order of magnitude more vacancies than acceptors; i.e. if 1020ivacancies/cm3 
are required to compensate for 1021igallium ions/cm3; (maximum concentration 
investigated in this work) then the findings still hold true as 1022ivacancies/cm3 are 
present from the gallium implantation. Hence it can be established that any effect in 
conduction that could be attributed to dopants is completely nullified at the gallium 
fluences in this work. 
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Appendix E – Ellipsometry: Data and Fits 
 
At a given wavelength (measured in either nm or eV) the ellipsometer records two 
values; the intensities of parallel and perpendicularly polarised (with respect to the 
plane of incidence) reflected light, which are related to the Fresnel reflection 
coefficients, rp and rs respectively as detailed below. To convert the reflection 
coefficients into the ellipsometric angles of Ψ (psi) and ∆ (delta), it is beneficial to first 
set certain parameters of the ellipsometer to acquire analytically obtainable solutions. 
 
For the measurements conducted in this thesis, the orientations of optical elements 
were:  
• M – P = 45°  (Angle between Modulator and Polarizer) 
• M = 0°   (Angle of Modulator) 
• A = - 45°  (Angle of Analyser) 
 
The intensities of the reflection coefficients are recorded by the Analyser as a time 
varying current with a DC component, defined as: 
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Which simplify (for the chosen angles of the optical elements) to: 
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Furthermore, since the Fourier expansions of sinδ and cosδ are expressed as Bessel 
functions, the modulator amplitude A is set to A = 2.405; this is set by the control 
software. Thus J0(A) = 0, which as shown below normalises the DC current to unity. 
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By taking the ratio of the fundamental and second harmonic components to the DC 
component, ∆ (delta) is determined by further taking the ratio of the ratios. 
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To ascertain the goodness of the fits, two methods are employed; a figure of merit for 
the fitting procedure and also a test of the reproducibility. 
 
Initially in the fitting procedure of a spectrum file to the dispersion curves of the model, 
the figure of merit used is a reduced value of χ2. During the fitting procedure, up to 100 
iterations are performed, from which the fit that had the lowest χ2 (chi-squared) value is 
selected (by the software) as the final result. All successful fits had χ2 < 0.03. The 
physical meaning of the reduced χ2 in the fitting procedure is the quadratic deviation of 
experimental and calculated values of the ellipsometric parameters. In the ellipsometric 
modelling software provided with the Jobin-Yvon UVISEL™ spectroscopic phase 
modulated ellipsometer, χ2 has the same meaning as ξ2 (xi-squared) as described in 
Section 2.4.4.1. 
 
The fitting of the spectrum files is best conducted in a progressive order, beginning with 
the spectrum file for the lowest ion fluence and using the previously determined 
dispersion curve of the lesser damaged region (in this case diamond), then fitting for the 
next higher damaged region. Once the spectrum file for the highest damage region (R1) 
has been fitted and its dispersion curve obtained, the fitting procedure is repeated in 
reverse order, i.e. the spectrum for R2 is fitted beginning with the dispersion curve of 
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R1. The cycle is complete when the dispersion curve for diamond is obtained from R6. 
The first half of the process is repeated, from R6 to R1; the dispersion curves obtained 
were used as the final result. This is of course once a working model and suitable 
dispersion formula have been established. The confirmation of the validity of the model 
arises from this test. 
 
On the following two pages are additional sets of figures relating to the accuracy of the 
fitting procedure and also the reproducibility of the ellipsometric spectra. A comparison 
of fitted data to the raw data for values of n and k (and also IC and IS) for unimplanted 
diamond is shown first as Figure A5.1. Second, as seen in Figure A5.2, is a 
comparison of the raw data for the ellipsometric angles of Ψ (psi) and ∆ (delta) of 
unimplanted diamond from three separate samples, followed by the modelled refractive 
index values. 
 
It is clear from Figure A5.1 that the raw data excellently fits the calculated dispersion 
curves; the refractive index values from this fit showed outstanding agreement with 
values found in the literature, as was shown in Figure 5.2 in Chapter 5. 
 
The very high degree of reproducibility is highlighted in Figure A5.2; the Psi and Delta 
curves from the three separate diamond samples follow the exact same forms, while the 
calculated n and k values (once surface roughness has been accounted for) are accurate 
to five significant figures. 
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FIGURE A5.1: A comparison of fitted data to the raw data for values of n and k (and also IC and IS) 
for unimplanted diamond. 
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FIGURE A5.2: (top) A comparison of the raw data for the ellipsometric angles of Ψ (psi) and ∆ 
(delta) of unimplanted diamond from three separate samples; (bottom) the modelled 
refractive index values. 
 
 
